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Abstract 
The aim of this research was to develop predictive models for residual stresses and 
environmental degradation in adhesively bonded joints exposed to hot/wet 
environments. Different single lap joint configurations and a hybrid double lap joint 
with dissimilar adherends (CFRP/AIIFM73 double lap joint), were exposed to 
different ageing environments in order to determine the durability of the joints and the 
effects of ageing on the failure load. 
Thermal residual stresses in bonded joints were investigated with analytical solutions 
and finite element modelling, first with a bimaterial curved beam to validate the 
modelling process and determine the most suitable method for calculating thermal 
stresses in bonded joints. It was found that none of the analytical solutions and 2D 
geometric approximations was fully able to describe the 3D stress state in the strip. 
The incorporation of geometric and material non-linearity into the models was 
necessary to obtain accurate results. The validated methods were then used predict the 
thermal residual stresses in bonded lap joints. The thermal stresses were found to be 
highest in joints with dissimilar adherends. 
Moisture uptake in bonded joints was investigated using Fickian diffusion modelling. 
Gravimetric experiments were used to determine the Fickian diffusion parameters for 
the bulk adhesive and composite adherends. Transient diffusion modelling was used 
to predict the uptake in bonded joints. It was seen that moisture diffusion is a fully 
three dimensional process, and the effects of moisture absorption can only be 
adequately studied using 3D FEA. 
The effects of swelling from moisture absorption in bonded joints were investigated 
using coupled stress-diffusion FEA models. Coupled stress-diffusion 3D FEA was 
used to predict the transient and residual hygroscopic stresses that develop in bonded 
lap joints as a function of exposure time in accelerated ageing environments, taking 
into account the effects of moisture on the expansion and mechanical properties of the 
adhesive and CFRP substrate. It was seen that moisture absorption induces significant 
stresses in the joints and markedly different behaviour was seen in the cases of 
absorbent and non-absorbent adherends. 
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Hygro-thermo-mechanical stresses arising from the exposure of single and double lap 
joints with thermal residual stresses to hot/wet environments were investigated. In the 
single lap joints, a reduction in the stresses present in the adhesive was predicted, 
owing to swelling of the adhesive from moisture absorption. In the double lap joint 
with dissimilar adherends, exposure to hot/wet environments initially reduced the 
stresses in the joint when dry, followed by an increase in the magnitude of some stress 
components and reductions in others with increasing levels of moisture absorption. 
This led to a higher equivalent stress state in the adhesive than when dry. 
Thermal residual and mechanical strains predictions were validated with internal 
strains measured by neutron diffraction and surface strains measured by moire 
interferometry. Comparisons of predicted and measured thermal residual strains 
showed low levels of strain in joints with similar adherends. The magnitude of strains 
in the CFRP/AI double lap joint was significant, with the same spatial distribution and 
magnitude in both measured and predicted strains. The comparison of mechanical 
strains predicted by FEA and measured strains by moire interferometry showed good 
agreement. High magnification moire interferometry also confirmed the location of 
strain concentrations predicted by FEA. 
A path independent cohesive zone model (CZM) and a coupled continuum damage 
model were used to predict and characterise damage and failure initiation in bonded 
joints. Progressive failure prediction was calibrated in the cohesive zone model using 
the moisture dependent cohesive fracture energy of FM73. There was a reasonably 
good agreement with the experimental failure loads. This implementation of the 
cohesive zone model is limited by the ability of the interface elements used, thereby 
creating mesh dependency. 
The Gurson-Tvergaard-Needleman (GTN) coupled damage model was used to predict 
the effects of residual stresses on failure loads. However, this method is difficult to 
implement, given the numerous parameters required. The failure loads predicted by 
the GTN model were comparable with the experimental data when the joints were dry 
or wet. The damage models were capable of predicting the sudden crack growth and 
propagation seen experimentally. 
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CHAPTERl 
1 INTRODUCTION 
1.1 Background 
The concept of a structure made of different parts without some type of joint is 
virtually impossible. Joints are often present in transitions between major composite 
parts and a metal feature or fitting. In structures, such as aircraft, such a condition is 
represented by articulated fittings on sub-structures such as wing and tail components 
which require the ability to pivot the element during various stages of operation. 
Tubular elements such as power shafts often use metal end fittings for connections to 
power sources or for articulation where changes in direction are needed. In addition, 
assembly of the structure from its constituent parts will involve either bonded or 
mechanically fastened joints or both. Joints represent one of the supreme challenges 
in the design of structures in general and in composite structures in particular. This is 
because joints involve disruption of the geometry of the structure and usually, 
material discontinuities, which nearly always produce local stress concentrations. 
All joints have advantages and disadvantages and adhesive joints are not an 
exception, but the potential number of applications for adhesives in bonding structural 
components is rising rapidly. Interest is particularly high in the aerospace, automotive, 
infrastructure, biomedical, and marine communities where many new applications 
require bond integrity over long periods of time. This is mainly due to the availability 
of high performance composites materials and high strength adhesives. Adhesive 
joints offer many advantages over mechanical fasteners such as rivets, bolts and 
screws, including reduced weight, capability to bond different materials, damping 
characteristics, greater fatigue resistance, electrical and thermal insulation, corrosion 
prevention and lower fabrication/manufacturing costs. 
A wide range of adhesives are used for engineering applications, typically epoxies or 
acrylics, which are mostly thermosetting with high modulus and enhanced load 
bearing abilities [1]. Lately, thermoplastic and thermosetting polyamides have been 
synthesized which offer useful characteristics such as high toughness and thermo-
oxidative stability for long term structural applications at elevated temperature. Also, 
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new advances in surface pre-treatments for adherend surfaces have facilitated an 
increased awareness in the usefulness of adhesive joints for aircraft and automotive 
structures. 
The purpose of this project is to evaluate the durability and degradation of structural 
adhesive joints used in the aerospace industry, typical examples of which include the 
EAP demonstrator wing (Development Aircraft for the Eurofighter) and the outer 
wing box in a commercial aircraft. 
(;o.bonded {~;:,~r;~ la ~ single lap _or boXes 
- leol. • T -puB tes~_ Lower skin/CO-
T bOndea failure ~ (shear-tens"," comparabiF.ly I .. ~lnterl\CtlOl1) Spar .......... -,,:-~~""ll\ boX 
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T pressure tU! 
Figure 1-1: EAP demonstrator wing cut-away showing bonding detail. 
Adhesive joints usually fail by progressive damage growth and the instigation and 
transmission of damage in a bonded joint are directly related to the service 
environment to which the joint is exposed; static loads, fatigue loads, thermal loads 
and humidity are some of the major conditions which cause the creation and 
propagation of cracks in an adhesive bond. 
In this project, 3 types of adhesive joints will be used to study bond durability and 
degradation with FM73 as the adhesive. The joints are of the following 
configurations. 
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• Single lap joint with 7075-T6 aluminium alloy as adherends, shown in figure 
1-2. 
• Single lap joint with CFRP (IM7/8552 Unidirectional) as adherends, shown in 
figure 1-3 
• Double lap joint with 7075-T6 aluminium alloy and CFRP (IM7/8552 
Unidirectional) as adherends as shown in figure 1-3 . 
7075fT6 Aluminium I AI 
AI I , 7075fT6 Aluminium IL--______ ----J 
Figure 1-2. Aluminium single lap joint configuration 
IM7/8552 Uni I CFRP 
CFRP I , IM7/8552 Uni IL--_____ -"" 
Figure 1-3. CFRP single lap joint configuration 
l 7075fT6 Aluminium 
IM7/8552 Uni ( I 
1 7075fT6 Aluminium 
Figure 1-4. Double lap joint. 
1.2 Industrial Significance. 
This research project is part of a wider project developing lifetime prediction 
methodologies for bonded joints funded by the UK Ministry of Defence with QinetiQ, 
MBDA, BAE Systems, University of Surrey and Loughborough University as 
technical partners. The industrial involvement arises from the acknowledgment of 
increased utilisation of adhesive bonding in various types of military hardware and 
that developing lifetime prediction methodologies for bonded joint would benefit the 
collaborators with future MoD requirements. These developments will be applicable 
3 
Chapter 1: Introduction 
to all military platforms, with potential utilisation in land vehicles, aircraft and marine 
structures such as ship superstructures and submarines. This research is significant in 
that it will not only provide a fundamental understanding of the long term 
performance and failure of adhesive joints in service conditions due to environmental 
degradation but also a failure / damage characterisation model which can be used to 
predict the life of an adhesive joint under service conditions. Also, results from this 
research can provide information necessary to assess field component integrity and 
analytical models to predict joint strength and behaviour as a function of service 
parameters, significantly reducing the time and expense involved in the design and 
material selection process. 
1.3 Research Objectives 
This project specifically aims to develop analytical and numerical predictive methods 
for failure / damage characterisation in adhesive joints with particular reference to 
joint durability and environmental degradation. In order to do this, it is essential to 
appreciate how each of the components in the joints reacts to internal and external 
loads, including environmentally induced loads. The objectives are listed below. 
• Evaluation of the residual stresses present in the joint after fabrication due to 
thermal mismatch and their contribution to the joint strength. 
• Analysis of the diffusion of moisture into the joints under service conditions, 
including the mechanism of moisture diffusion and the swelling of moisture 
uptake into the joints. The residual stresses generated by the swelling will also 
be taken into account. 
• Investigation of the effects of the residual stresses on the degradation of the 
joint with respect to creep failure 
• Gain an understanding of damage and failure mechanisms in the joint, which 
include adhesive failure, composite damage and failure in the interfacial 
regIOns. 
• Progressive damage and failure prediction using damage and failure models. 
This research is significant in that it will not only provide a fundamental 
understanding of the long-term performance and failure of adhesive joints in service 
conditions due to environmental degradation but also a failure / damage 
characterisation model which can be used for lifetime prediction of bonded joints 
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1.4 Joint Durability Framework 
Lifetime prediction is of great importance in the use of adhesive bonding and a 
number of approaches have been used to address this complex issue, including the 
development of accelerated test methods, studies into the fundamentals of ageing and 
degradation and the development of engineering guidelines. However, the best route 
to achieving a practical and generally applicable method, that would be useful to 
industry, would appear to be one based on the integration of empirically measured 
degradation mechanisms into a mechanical model of the bonded structure, together 
with the application of a progressive failure model. There are two main challenges to 
developing a precise predictive method along these lines. Firstly, accurate modelling 
of the various effects of ageing on the mechanical model and, secondly, incorporating 
a failure model that accurately represents not just the final failure load, but the 
complete cycle of damage initiation and propagation leading to failure. This is the aim 
of the present work and a schematic ofthe approach taken is shown in figure 1-5. 
Temperature 
Thermal 
Residual 
Stress 
Moisture 
Diffusion 
Mechanical 
Stress 
Adhesively Bonded 
Structure Hygroscopic Stress 
',' ~"""'~ "- ~ «--- ~:. 
, , . 
. - . 
Figure 1-5. Durability Framework 
Load Input 
Time 
Dependent 
Processes 
Resulting 
Stress State 
The main factors affecting joint durability in terms of load input are temperature, 
moisture transport and the applied mechanical loads. These inputs have a variety of 
effects on the environmental degradation of the joint and are incorporated into the 
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mechanical model. The effects of temperature include the development of thermal 
residual stresses in the joint. Temperature will also influence the mechanical 
properties, the viscoelastic response of the joint and the rate of moisture diffusion. 
The absorption of moisture leads to plasticization of the adhesive, and adherend in 
some cases, hygroscopic expansion of the adhesive, which results in hygroscopic 
stresses, and weakening of the interface. Moisture absorption also affects the 
mechanical properties of the adhesive and some adherends. Mechanical loading 
develops mechanical stresses in the joint and the magnitude of these stresses depends 
on the environmental conditions. Mechanical stresses can also enhance the 
degradation mechanisms in the interfacial region and bulk adhesive. Successful 
incorporation both moisture transport and degradation processes into the models are 
needed to determine the resultant hygro-thermo-mechanical stress state of the joint 
and a progressive damage approach can then be used to model damage initiation and 
propagation. 
1.5 Outline of the Thesis 
Each aspect of this work is described in detail and the results are discussed for every 
analysis in the remaining chapters of this thesis. Specifically, the remainder of this 
thesis is organised as shown below. 
Chapter 2: A literature survey, which was carried out to validate the relevance of this 
research and identify methods currently in use. Some of the basic concepts of 
adhesion are introduced in this chapter and the factors affecting the lifetime of bonded 
joints are scrutinized. Techniques currently employed in the evaluation of 
degradation, damage and lifetime prediction of bonded joints and their constituents 
are summarised in this chapter. 
Chapter 3: This chapter introduces the materials and joints studied in this project, the 
investigations undertaken to generate the required material properties and the 
strengths of the new and degraded joints studied. These results were used to support 
the validation of models with the capability of predicting the strength and lifetime of 
bonded joints. 
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Chapter 4: In this chapter, the various FE modelling methods used in this work are 
introduced and an insight into the considerations taken into account in finding a 
compromise between finite element model complexity and computational cost in the 
assessment of joint durability and prediction of failure in bonded joints is made. 
Chapter 5: This chapter focuses on the evaluation and prediction of thermal residual 
stresses present in bonded joints and results from the work done on the validation of 
the thermal residual stresses is presented at the end of the chapter. 
Chapter 6: This chapter presents the assessment of moisture uptake in bonded joints 
utilising analytical methods and finite element methods in two and three dimensions. 
The effect of moisture uptake on the joints and hygroscopic stress predictions induced 
by swelling in the joints due to differential moisture expansion are also presented in 
this chapter. 
Chapter 7: This chapter presents the work done on the prediction of stresses due to 
mechanical loading of the joints and the predicted results are compared with measured 
results from moire interferometry and neutron diffraction experiments performed on 
the joints. 
Chapter 8: This chapter focuses on the interactions of the stresses due to thermal 
expansion, hygroscopic expansion and mechanical loading and their combined effect 
on the degradation of bonded joints. 
Chapter 9: This chapter focuses on damage and failure prediction of the new and 
degraded joints considered in this work, using selected continuum damage modelling 
and cohesive zone modelling techniques. The predictions are also compared with the 
experimental results. 
Chapter 10: This chapter presents a discussion of the modelling and experimental 
results. 
Chapter 11: The main conclusions drawn from the work are presented in this chapter. 
Areas for future work are also suggested in this chapter. 
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2 Literature review 
2.1 Introduction 
The purpose of this literature review is to provide background information on the 
issues to be considered in this project and to emphasize the relevance of the project. 
This chapter provides a review of the mechanisms of adhesion and the effect that 
environmental factors have on the performance of adhesive joints. This is followed by 
a description of the various failure criteria that can be applied to adhesive joint. 
Whilst the review attempts to provide an overview of these areas of research, the 
emphasis is on the materials and methods used in the current work. An attempt is also 
made in this chapter to justify the methods used in the project. 
2.2 Adhesion theories 
The meaning of the word "adhesion" depends on whether the perspective is 
macroscopic or microscopic. Nevertheless, it is necessary to appreciate that close 
contact between the adherend and the adhesive is necessary for the adhesion forces to 
be effective. The adhesion theories are based on absorption, mechanical interlocking, 
molecular diffusion and electronic interactions. These theories essentially differ in 
characterising the nature of these adhesion forces and there is currently no single 
unifying theory successful in satisfactorily explaining all observed adhesion 
phenomena. These theories are briefly described here to highlight the essential 
concepts on which they are based. While the project does not attempt to add to the 
literature in this area, an understanding of the effects of environment at the interface, 
and hence how this can be represented in a mechanical model, is aided by 
consideration of the basic adhesion theories. 
2.2.1 Absorption theory 
Absorption is the most widely accepted of the adhesion theories [2,3] and is based on 
the notion that if contact between the adherend and the adhesive is sufficiently 
intimate, the surfaces will adhere due to inter-atomic and intermolecular forces across 
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the interface. These forces are responsible for the attraction of electrically neutral 
bodies to one another. The forces at the adhesive-adherend interface are classified into 
primary and secondary forces. The primary forces include covalent & ionic bonds 
while the secondary forces include van der Waals forces, dipole-dipole, induced 
dipole-dipole, hydrogen bonds, and acid-base interactions [4, 5]. For epoxy adhesives 
bonded to metal substrates, secondary bonds are believed to exist due to the 
interactions between the hydroxyl groups present in the metal oxide adherend and the 
epoxy and hydroxyl groups present in the epoxy adhesive, possibly accounting for the 
high strength of metal-epoxy joints [6]. 
2.2.2 Mechanical interlocking 
This theory proposes that adhesion is accomplished as a result of the flow of an 
adhesive into a rough surface prior to hardening and the result is a lock and key effect, 
called interlocking, between the adhesive and the adherend, which prevents the 
removal of the adhesive from the substrate. This theory relies on the degree and type 
of roughness of the adherend and the ability of the adhesive to penetrate and wet the 
rough surface. It should be noted however, that an increase in roughness also results 
in a larger surface area for intimate contact, hence enhancing adhesion due to 
absorption forces. The use of surface treatments is somewhat based on this theory, 
and the effectiveness of surface treatments can often be attributed to an increase in 
both mechanical interlocking and the interfacial forces [3]. Surface roughness is also 
believed to increase the energy dissipation process in the fracture zone because of the 
shear stresses induced in the adhesive that lead to plastic deformation of the adhesive 
when under load [2]. 
2.2.3 Molecular diffusion 
The diffusion theory takes the view that polymers in contact may inter-diffuse, so that 
the initial boundary is eventually removed. Such inter-diffusion will occur only if the 
polymer chains are mobile (i.e. the temperature must be above the glass transition 
temperatures) and compatible. This theory is somewhat similar to mechanical 
interlocking only it takes place on the molecular level. This phenomenon only occurs 
when the adhesive is significantly soluble in the substrate and the kinetics of diffusion 
allows enough flow before the adhesive solidifies. Parameters that affect adhesion 
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according to this theory are contact time, temperature and similarity of the materials. 
This interpenetration of diffusing molecules is greatest between similar materials, thus 
resulting in high strength bonds. An example of this is the swelling of two polystyrene 
surfaces with butanone, which are and then pressed together. The solvent has the 
effect of lowering the glass transition temperature below ambient while inter-diffusion 
takes place; it later evaporates. In the current work, one of the interfaces formed is 
between the chemically similar epoxy based adhesive and epoxy based composite 
matrix material. However, as the composite is fully cured prior to bonding, it is 
unlikely that molecular diffusion plays any part in the bonding process. 
2.2.4 Weak boundary layer theory 
This theory suggests that clean substrate surfaces can give strong bonds to adhesives 
and thus if a proper adhesive bond is made, the bond will usually fail either in the 
adherend or in the adhesive, which happens to be cohesively weaker. Nevertheless, 
bonds do fail at less than their expected strength due to the presence of some 
contaminants such as rust, oils or greases that give a layer which is cohesively weak. 
However, not all contaminants will form weak boundary layers, as in some situations 
they will be dissolved by the adhesive. This is an area where acrylic structural 
adhesives are superior to epoxies because of their ability to dissolve oils and greases. 
2.2.5 Comments on adhesion theories 
The two main theories relevant to the systems studies in this work are the mechanical 
interlocking and absorption theory. These are also the prevalent theories used to 
characterise adhesion phenomena [7]. The mechanical interlocking theory can be used 
to explain the effect of surface roughness and porosity in enhancing joint strength and 
optimising durability in metal epoxy joints via a wide range of electrochemical, 
mechanical and chemical pre-treatments [8]. Critchlow et al [9] showed that a 
chromic acid anodise (CAA) pre-treatment is highly successful in maintaining the 
corrosion resistance of aluminium/epoxy joints exposed to hot/wet conditions. 
However, an increase in the surface area, can also result in an increase of primary and 
secondary bonds which can improve joint strength in terms ofthe absorption theory. 
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2.3 Degradation of adhesive joints 
For the failure prediction of adhesive joints, an understanding of the failure modes 
and of the factors that affect the performance of the joint is paramount. Three main 
modes of failure in bonded joints have been observed: 
• Cohesive failure within the adhesive. 
• Interfacial failure, which occurs in an interfacial region between the adhesive 
and adherend, where the properties differ significantly from the bulk adhesive 
and adherend. 
• Failure of adherends, which also includes delamination In composite 
adherends. 
Structural adhesive joints that are tested immediately after fabrication, usually fail 
cohesively within the adhesive. However, in the study of adhesive joint degradation, 
failure in the region of the adhesive/adherend interface becomes a significant 
consideration. The boundary layer between adhesive and adherend is known as the 
interface and the mechanisms of degradation leading to failure in this region include 
the following: 
• Failure in a boundary layer of adhesive, close to the adherend surface, which 
has different properties from the bulk adhesive. 
• Mechanical weakening of the oxide layer in metallic adherends. 
• Displacement of the adhesive on the adherend due to weakening of the 
secondary bonds at the interface (e.g. by the thermodynamic action of 
absorbed moisture). 
Studies have shown that owing to the processes of degradation, aged adhesive joints 
tend to fail at the interface [4, 10, 11]. Contributions to a weakened interface include 
thermal & other residual stresses, material degradation, poor surface preparation and 
various chemical reactions. Several researchers have proposed models to predict the 
life of an adhesively bonded joint in harsh environments. The approaches used 
include mechanistic, non mechanistic, correlation and extrapolation [12]. Among 
these methods, the non-mechanistic approach has been identified as suitable for 
numerical analysis and this can be achieved through coupled diffusion mechanical 
analysis. Crocombe [13] established a durability framework for an environmentally 
degraded adhesively bonded structure, as shown in figure 2-1. 
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Figure 2- l. Framework for modelling degradation [13] 
It can be seen that the framework has two distinct sections, bulk and interfacial 
degradation and both sections have been successfully implemented in finite element 
analysis using degradation parameters such as bulk diffusion and moisture dependent 
properties in the stress analysis [12-16] . 
2.3.1 Ageing and degradation 
Another major factor affecting the long-term performance of bonded joints is the 
effect of both physical and chemical ageing on the components of the joint. This can 
include the plasticisation of the adhesive or a polymeric substrate and oxidation and 
hydration of metal substrates. Physical ageing of a polymer involves the slow 
progression to thermodynamic equilibrium by time dependent changes in enthalpy, 
entropy, and volume, as well as mechanical properties. Mechanical studies of physical 
ageing include a wide variety of tests including creep, stress relaxation, dynamic, 
tensile, impact, etc. While physical ageing is a thermo-reversible process, chemical 
ageing is generally not thermo-reversible, hence the use of the term chemical 
degradation. The chemical changes occurring during oxidation of an adhesive layer or 
adherend can be characterized by the breaking of chemical bonds, change in 
molecular weight (associated with the gaseous release of low molecular weight 
species), and additional cross-linking of the polymer chains [5]. 
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These degradations in the fundamental chemistry of the polymers will cause a 
reduction in the mechanical properties such as modulus and ultimate strength. This 
usually involves a form of oxidation and therefore, the degree of degradation depends 
on both the oxygen partial pressure and the reacting temperature [2, 17]. Other 
researchers have also shown that variation in the structure of polymers and the level 
of crystallinity also affects the degradation. Branched polymer chains are usually less 
stable to oxidation and if the crystalline structure is dense, then oxygen diffusion is 
restricted [3]. It is also well known that metals and metal oxides are common catalysts 
in organic reactions; it is therefore possible for a metallic substrate to catalyze a 
chemical reaction of a polymeric material at an adhesive/substrate interface. If 
thermal or conformational stresses exist, the polymer chains may be even more likely 
to undergo catalyzed degradation. Thus, the existence of an interface can significantly 
affect the properties of the adhesive in the interface region 
In terms of bond performance and failure characterisation, it is important to decipher 
the more detrimental ageing process in terms of the following 
• Detection. 
• Dominance after long periods of ageing. 
• Particular impact of each process on bonded joints and which is more critical. 
Court et al [18] studied the effects of ageing on the failure and fracture oflap joints 
with polymethylmethacrylate (PMMA) adherends, bonded with a two-part acrylic 
adhesive using video imaging techniques and observed that the three major effects of 
ageing on the joint were: 
• Reduction in the stress at which damage initiates in the joint. 
• Reduction in the final failure stress of the joint. 
• Change in the joint failure mechanism. 
They observed that the reductions in initiation and failure strength were because of 
the effect of the ageing environment on the adhesive and the near-interface region of 
the joint and concluded that the ageing environment changes the mechanical 
properties of the adhesive and near-interface region, leading to changes in the 
mechanism by which the joint fails. Owing to the transparency of the adherends, the 
changes in joint failure mechanism could be seen and they noticed that the joints 
initially failed in the adherend but after ageing the failure mode changed to near 
13 
Chapter 2: Literature review 
interfacial. After ageing, damage was seen to propagate through the adhesive layer 
interfacial region, with final failure either in the adherend or near the interface, 
dependent on the ageing time. They concluded that this change in failure mechanism 
was strong evidence that the adhesive properties had altered by the ageing 
environment. 
Loh et al [19] studied the environmental degradation of bonded joints for a range of 
moisture exposure conditions, using a combination of fracture tests, scanning electron 
microscopy and FEA. They observed that joint strength reduced greatly with moisture 
content of up to 3-wt%, and then gradually beyond that, also the fracture energy of the 
bonded joints degraded by about 90% of the original dry value. As most of the failure 
encountered was interfacial, even when interfacial corrosion was eliminated, they 
identified the possibility of the interface being the weakest link in an adhesively 
bonded joint and recommended that interfacial degradation be included in predictive 
degradation tools. 
Ashcroft et al [20] and Abdel Wahab et al [21] have seen that the mode of failure in 
CFRP joints is heavily dependent on the environmental conditions, with temperature 
having a significant effect. In this work, failure occurred predominantly in the 
composite substrate at low temperatures and in the adhesive or at the adhesive 
composite interface at higher temperatures. It must be noted however, that this 
observation is specific to the joint systems considered and this may not be the case for 
other joint systems. Other studies on carbon fibre composites have shown the effects 
of ageing at elevated temperatures. Whilst carbon fibre properties remain generally 
intact in the temperature range of 20°C to 600°C, matrix and fibre/matrix interfacial 
properties of polymer matrix composites may degrade significantly. Through their 
own studies and literature review, McLaughlin et al. [22] found that: 
• Increasing temperature may cause significant reductions in the strength and 
stiffness of epoxies. Such reductions may start to occur at temperatures well 
below the glass transition temperature (Tg). Moreover, at high enough 
temperatures, the reductions may be permanent. 
• Out-gassing of water vapour and organic volatiles may result in the formation 
of micro and macro-cracks in the resin. 
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• The above phenomena are magnified with increasing time-at-temperature and 
moisture content. 
2.3.2 Residual stress 
In adhesive joints, stresses are mainly grouped into mechanical and residual stresses. 
Mechanical stresses are generated because of mechanical loads, with residual stresses 
remaining when the mechanical load is eliminated. Common sources of residual 
stresses in bonded joints include differential expansion or contraction from changes in 
the environment, e.g. temperature or absorbed fluid. Changes in temperature typically 
lead to thermal stresses, whilst absorption of moisture or other solvents lead to the 
formation of hygroscopic stresses. Chemical changes can occur during the curing of 
adhesive joint, leading to curing stresses. These stresses, although often ignored, can 
be significant when dissimilar materials are bonded with an adhesive. Circumstances 
in which residual stresses occur in adhesively bonded joints due to the effects of 
temperature, absorbed fluid, and chemical reactions in the adhesive or adherends 
include the following; 
• During the manufacturing process, the heat applied causes a reduction in its 
viscosity so that it can flow and wet the surfaces. This is also when curing 
occurs in the adhesive with the formation of cross-links in the polymer chains 
and solid formation from its liquid state. This solidification causes shrinkage 
and therefore induces stresses in the adhesive [1, 3]. 
• As the joint cools from an elevated curing temperature, differential 
contractions between the adhesive and adherend results in thermal stress. 
• Variation of the mechanical properties of adhesives and adherends with 
changes in temperature and moisture absorption. Thus an adhesive may have a 
different set of mechanical properties (yield strength, Young's Modulus, 
failure strain etc) at 10°C and another at a different temperature or in hot/wet 
conditions [3]. 
• Absorption of moisture or other solvents can cause swelling in the absorbent 
joint constituent, leading to the formation ofhygroscopic stresses. 
A consequence of the residual stress is that the failure of the polymer chains at the 
interface can occur at a lower applied load than the comparable bulk polymer chains. 
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Also, the stressed polymer chains at the interface are more prone to chemical 
degradation than the unstressed polymer chains in the bulk adhesive. Some 
researchers have also stated that these stresses render primary and secondary bonds 
more susceptible to environmental attack by lowering the free energy barrier and so 
increase the rate of bond rupture [17]. Polymer chains in the interface region are also 
stressed by the absorption of polymer molecules on an adherend, either by primary or 
secondary bonding. This causes the polymer chains to be in a higher-energy state than 
in the bulk region. 
The effect of adherend mismatch has also been has been studied with reference to 
thermal stresses. The adhesive bond now consists of 3 different materials with 
different coefficients of thermal expansion and this affects the thermal stress 
distribution across the thickness of the adhesive layer. One consequence of the 
microscopic heterogeneity of a composite material is the thermal expansion mismatch 
between the fibre and the matrix. This mismatch causes residual strains in the lamina 
after curing. The corresponding residual stresses are often assumed not to affect the 
material's stiffness or its ability to strain uniformly. For an adhesive joint, the total 
residual stress, 0'0, is the result of thermal stresses that form during the adhesive cure 
cycle due to the mismatch in the coefficient of thermal expansion, a, between the 
adhesive and the adherend. The equation used to determine the bulk residual stress is 
Where: 
Ea is the Modulus of elasticity of the adhesive. 
aa is the coefficient of thermal expansion for the adhesive. 
as is the coefficient of thermal expansion for the adherend. 
T:J is the stress free temperature of the joint 
Tamb is the ambient temperature 
(2-1) 
Studies using various analytical and numerical methods for analysing stresses In 
bonded joints [23,24] have concluded the following: 
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• Spew fillets, which result from overflow of the adhesive during curing have 
the effect of reducing the stress levels from those predicted from a square 
ended joint. 
• Variations in stress across the thickness of the adhesive are not affected by 
changes in the overlap length or loading but are affected by changes in both 
modulus and thickness ratios. 
• Assuming plane strain conditions always predicts higher stresses than plane 
stress conditions. 
Other studies involving thermal stress analysis [25, 26] using FEA and considering 
spew fillets have concluded that thermal and mechanical mismatches of the adhesive 
and adherend cause high strains concentrations close to adhesive-adherend interfaces 
and the adhesive free ends. Their analysis showed that the peak thermal stresses and 
strains in the adhesive layer occurred at the free ends of the upper adherend- adhesive 
and the lower adherend-adhesive interfaces, and that these thermal strain and stress 
conditions exceed yield point for some end conditions. They also concluded that 
changing the overlap length is not beneficial in reducing the peak stresses present. 
The recommendation to include variable thermal conditions in the analysis and design 
of adhesive joints was made based on the finding that variable thermal conditions 
cause a non-uniform temperature distribution within the joint, thus making the 
stresses in the joint more complex. 
2.3.3 Moisture transport 
Moisture must be considered a dominant factor in the durability of adhesive bonded 
joints in most service environments. It is generally accepted that moisture provides 
one of the most aggressive forms of attack, as evident in the literature [4, 12, 14, 16, 
18, 21, 27-34]. Most polymeric materials (adhesives and composite adherends 
included) have the ability to absorb relatively small but potentially significant 
amounts of moisture from their surrounding environment. This is fundamentally due 
to the hydrophilic nature of most polymers. This is critical because of the abundance 
of water in the environment. While the surfaces of the material in direct contact with 
the environment will almost immediately absorb moisture, moisture movement into or 
out of the interior occurs relatively slowly. However, a significant amount of water 
will be absorbed by the material after prolonged exposure to a humid environment. 
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Water absorption may cause weakening by one or a combination of the following 
actions: 
• Within the adhesive and composite adherend: 
o Plasticization and swelling 
o Hydrolysis 
o Cracking or micro cracking 
o Enhancement of creep under load 
o Lowering of the glass transition temperature 
o Degradation of shear and compression properties 
• At the adhesive ladherend interface 
o Rupture of the primary & secondary bonds at the interface 
o Hydration and weakening of the oxide layer on metallic adherends 
o Hydrolytic attack of the adhesive boundary layer (which might have 
different properties to the bulk adhesive) 
o Displacement of the adhesive from the adherend. 
In light of these possible moisture effects on adhesive joints, moisture must be 
considered a critical factor in determining the long-term durability of adhesively 
bonded joints. In this section, previous studies on the mechanisms of water absorption 
into polymeric materials and the effects of water in some commonly used polymer 
systems are reviewed. 
2.3.3.1 Moisture uptake 
Moisture absorption in adhesives and composite adherends are generally considered 
to be Fickian although some studies have shown that under certain conditions, 
diffusion can be non-Fickian. This is generally when the rate of relaxation in the 
adhesive has an effect on the uptake behaviour. Several diffusion models have been 
used to predict non-Fickian diffusion. Loh et al [35] used a dual stage Fickian 
diffusion model to predict the anomalous uptake profiles seen in gravimetric 
experiments carried out for Araldite's AV119 adhesive. Fickian moisture diffusion, 
assuming there are no cracks in polymers, occurs according to Fick's second law [36-
38], i.e. the weight gain due to moisture intake varies as the square root of the 
exposure time. Heat transfer through the material can be described by Fourier's law 
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[39]. However, temperatlire inside the material approaches equilibrium much faster 
than the moisture concentration. Springer & Shen [40] showed that for typical 
polymers, heat conduction is about a million times faster than diffusion and hence the 
energy (Fourier) and mass transfer (Fick) can easily be decoupled. The analogy 
between heat transfer and moisture diffusion can be clearly seen below: 
(Fourier's law) 
(Fick's Law) 
where 
p: mass density 
c: specific heat capacity 
t: time 
k, D: thermal conductivity and mass diffusivity, respectively 
T, c: temperature and moisture concentration, respectively 
(2-2) 
(2-3) 
Materials that allow moisture absorption through Fickian diffusion are characterised 
by two moisture properties: the diffusion coefficient and the equilibrium moisture 
content. These are properties of the material that are commonly measured by a 
gravimetric test method, which exposes a specimen to a controlled humid 
environment [15]. The moisture gain is monitored through the measurement of the 
mass change with the square root of time. Evidence in the literature suggests that 
during the early uptake, the mass-time relation is approximately linear, with the 
gradient of the graph related to the diffusion coefficient. An example of a Fickian 
diffusion curve is shown in figure 2-2. As seen in figure 2-2, the slope of the curve 
changes gradually and becomes smaller as the moisture content on the exterior of the 
material begins to approach equilibrium and eventually becomes nearly parallel with 
the time axis with the difference in subsequent weight readings being zero. At this 
point the interior of the material has approached the equilibrium, and the gain in mass 
is known as the moisture equilibrium content [34]. 
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square root of time, vt 
Figure 2-2. Curve Shape for Fickian Moisture Diffusion 
The diffusion coefficient is a material property which controls the rate of absorption 
of moisture in a material. Evidence in the literature suggests that this property is 
highly dependent on temperature and weakly dependent on relative humidity. 
Equilibrium moisture content is only weakly related to temperature and is usually 
assumed to be a function of relative humidity. The maximum value of this property 
for a given material under humid conditions occurs at 100% relative humidity and is 
usually referred to as the saturation content. Thus, if a material does not reach the 
equilibrium moisture content for a given relative humidity, then the moisture content 
is not uniform through the thickness of the material [41]. 
Several researchers [35-37,42-45] have shown that for a one dimensional system, the 
moisture content, M, in a plate of thickness h and of length and breadth very much 
greater that h, after a time t is given by: 
M -Mo -1-~ ~ 1 [-D(2n+1)21'(2t ] 
- 2 L..J 2 exp 2 Msat - Mo 1'( n=O (2n + 1) 41 
(2-4) 
Where Mo is the initial moisture content. 
M sat is the moisture content attained at saturation, and 
D is the Fickian coefficient of diffusion. 
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The expression M - Mo is referred to as the fractional mass uptake. 
Msat-MO 
Equation (2-3) has been further simplified in the literature for early uptake in order to 
determine the Fickian diffusion coefficient from mass uptake plots. 
(2-5) 
This Fickian diffusion model has, however been found to be inaccurate in predicting 
moisture uptake in some polymeric materials under certain conditions after the initial 
linear uptake region [12, 34, 41]. This has led to the development of different 
diffusion models to fully predict moisture diffusion. These include the dual sorption 
model, the diffusion-relaxation model, and the dual-stage Fickian model amongst 
others [5, 34]. Also, properties such as temperature, strain and concentration of the 
penetrant terms have been considered in the equation of the diffusion coefficient [5]. 
Other models have been proposed which take into account different mechanisms of 
water absorption that are not accounted by the Fickian model or its derivatives. These 
models take into account various considerations such as hydrogen bond formation, 
relaxation during hydration and the formation of clusters, crazes and voids during 
hydration [4, 5]. 
2.3.3.2 Effect of water on adhesives. 
Studies have shown that moisture absorbed in a polymer matrix can lead to a wide 
range of effects. Some effects are reversible and can be erased on the elimination of 
water while others are irreversible and result in permanent transformations in the 
performance of polymers. Water absorption into polymer materials can cause 
plasticization and swelling, which are both reversible processes. Water acting as a 
plasticizer can depress the glass transition temperature (Tg) of the polymer matrix and 
reduce the strength and modulus ofthe adhesive or composite adherend. 
Swelling of the adhesive is caused by moisture diffusion into existing voids in the 
adhesive and the subsequent displacement of the free volume of the adhesive. This 
can have a key effect on adhesive joint durability as it can cause considerable strains 
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[12]. Many studies have also shown that water causes permanent chemical and 
physical changes such as hydrolysis and oxidation [12, 34, 41]. It has been shown that 
moisture can also cause structural damage by inducing micro-cavities or crazes in 
polymeric materials and the formation of these types of structural damage can further 
accelerate the moisture diffusion. 
2.3.3.3 Effect of water on CFRP adherends. 
CFRP adherends are mostly polymeric and therefore will absorb moisture, which is 
not true of metal adherends. As a result, moisture in joints with polymeric composite 
adherends is more likely to be found over wide regions of the adhesive layer, as 
opposed to confinement near the exposed edges of the joint in the case of metal 
adherends. Hence, the response of the adhesive to moisture may be a significant issue 
for composite joints. 
Diffusion coefficients for IM7-8552 at two different temperatures (i.e. at 50°C & 
70°C) are shown in table 2-1. As seen, the diffusion coefficient in the direction 
parallel and perpendicular to the fibres, i.e. Du & D22, differs from one another (Du> 
D22). 
Table 2-1. Diffusion coefficients and saturation values for unidirectional IM7/8552 
Temperature and DII (parallel to D22 (perpendicular Saturation value 
RH fibre axis) [m2s- l ] to fibre axis) [m2s- l ] for Fickian diffusion (wt %) 
50C 95%RH 7 x 10-13 2 X 10-13 -1.0 
70C 80%RH 14 x 10-13 5 X 10-13 0.8 
Diffusion coefficients at any temperature can be estimated by the Arrhenius 
relationship: 
c 
D=De T 
o 
22 
(2-6) 
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where Do & C are constants, and T is the absolute temperature. Fickian diffusion is a 
reasonable approximation for many materials, including carbon fibre-epoxy 
composites [46]. Per cent weight gain is defined as: 
M = _w...:;,.we::..,_-_w-=d;,.::...IY (2-7) 
where Wwet is the weight of moist material and Wdry is the dry weight. The maximum 
moisture content, Mm, for materials exposed to humid air is related to the relative 
humidity by the expression: 
(2-8) 
where, cP is relative humidity and a & b are constants. A linear relationship between 
Mm and cP can be assumed for simplicity [46], i.e. b is set to 1 and Mm is: 
(2-9) 
Saturation values of IM7-8552 for two different environmental conditions are also 
shown in table 2-1. Table 2-2 shows the moisture contents in humid air for some other 
neat epoxy resin and epoxy composites (i.e. T300/1034, T300/5208, AS/3501-5). 
There are some additional complexities regarding diffusion process in composites. 
For instance, Gopalan et al [47] showed that edge coating has a significant effect on 
the saturated moisture content in impermeable fibres; they showed that the saturated 
moisture content in the uncoated specimens is nearly twice that of the coated samples 
because of the directional sensitivity of the impermeable composites to moisture 
diffusion. This requires any moisture diffusion modelling to be three-dimensional. 
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Table 2-2: Constant moisture contents of some carbon-epoxy composites and epoxy resins 
exposed to humid air 
Mm = a(t)t when b=l; Mm = a(t)1l00t x 100 when b *- 1 
Material a b 
T300/1034 0.017 1 
AS/3501-5 0.019 1 
T300/5208 0.015 1 
934 resin } {'A? <60% 
3501-5 (resin) 0.060 
5208 (resin) 1.8t) <60% 
Moisture absorbed by the composite opens up the polymer structure and reduces its 
glass transition temperature, thus it acts as a plasticizer of the polymeric matrix. 
However, carbon fibres are impermeable, i.e. they are virtually unaffected by 
moisture. Unlike carbon fibres, for instance, Kevlar 49 aramid fibres can exhibit a 
moisture increase of more that 5 per cent when they are exposed to water immersion 
[48]. This is as high as 5 and 10 times that of the E-glass/carbon fibre composites, 
respectively. CoIlings & Stone [49] showed that moisture absorption causes 
compressive stresses in the resin and tensile stresses in the fibre. Also, a temperature 
increase of LlT generates strains of the same sign. Therefore, they conclude that 
moisture absorption should reduce the residual strains after curing. Liu & Tsai [50] 
suggested that a temperature difference of -100°C and a moisture content of 0.5 tends 
to cancel each other out if both occur. If a laminate is cured at room temperature, then 
moisture content can have a significant effect on ply failures. Conversely if a laminate 
is cured at elevated temperature but used in a dry environment, then curing stresses 
will not be cancelled and can be significant. Puck [51] took into account only 50% of 
the thermal stresses on the ground that relaxation with time, due to moisture 
absorption and the accompanying swelling, lead to reduction of the thermal residual 
stresses. 
The effect of moisture on the longitudinal strength is not so significant. In the 
transverse loading and in shear, however, the composite can be weakened 
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considerably due to moisture absorption. Chamis & Sinclair [52]suggested the 
following empirical equation for hygro-thermal degradation of the matrix property: 
(2-10) 
Fm is the matrix mechanical property retention ratio; P is matrix strength/stiffness 
after hygrothermal degradation; Po is a reference matrix strength/stiffness before 
degradation; Tgo is glass transition temperature for reference dry condition; T gw is the 
glass transient temperature for wet matrix material; To is the reference test 
temperature at which Tgo is measured. Chamis [53] suggested that the matrix 
hygrothermal property retention ratio can also be approximated in a similar way: 
(2-11) 
where Fh is matrix hygrothermal property retention ratio; R is matrix hygrothermal 
property (e.g. coefficient of thermal and hygroscopic expansion, a & fi) after 
hygrothermal degradation, Ro is the dry reference value. Once the mechanical and 
hygrothermal property retention ratios are determined, they can be used to degrade 
matrix properties in the appropriate micromechanics equations. For example, the rule 
of mixtures for the longitudinal modulus becomes: 
(2-12) 
Emo is the reference value of the matrix modulus; vJ & Vm volume fractions of fibre 
and matrix, respectively. Springer [54] suggested a different type of equation for 
matrix degradation: 
(2-13) 
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where Y is the strength of the resin (this value can be assumed to be isotropic); 
parameters aE} & aE2 and ay} & aY2 should be determined experimentally. The non-
dimensional temperature T* is defined as: 
(2-14) 
Tsai [55] also suggested expressions similar to those suggested by Springer. However, 
he assumed that aE2, aY2 = 0, i.e. mechanical property retention is not a direct function 
of moisture, although a hygroscopic effect is included in the definition of the non-
dimensional temperature. Tsai defined T* as: 
(2-15) 
and 
(2-16) 
This approach was also used by Chang et a1.[56]. Finally, Upadhyay & Prucz [57] 
suggested an over simplistic degradation expression, such that: 
Em =1-e M 
Emo m 
(2-17) 
where em is a non-dimensional constant, i.e. they assumed that mechanical property 
retention is a linear function of moisture content. In all these equations, it is assumed 
that stress-strain relations remain linear even after hygrothermal degradation. T gw 
should be determined experimentally for a specific resin. DeIasi & Whiteside [58] 
showed a reduction in Tg with increasing moisture content for six epoxy resins (3501-
5,5208,3502,3501-6,934, NMD2373). They suggested that the resin glass transition 
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temperature, as a function of moisture content of the resin, can be approximated by 
the following equation: 
(2-18) 
where Mr is the weight per cent of moisture in the matrix resin. p = -0.1062 closely 
approximated the data for six epoxy resins given. This value can be used for other 
epoxy systems as a first approximation. Chamis suggested that T gw can be estimated 
by using the following empirical equation: 
Tgw = (0.005M; -0.10Mr +1.0) TgO (2-19) 
Curve fitting parameters such as the coefficients of Mr are based on the experimental 
data for epoxy matrix materials and can be used for other epoxy materials as Gotsis 
[59] did for the analysis of thin shell composite structures. They should be used with 
caution and checked where possible: 
(2-20) 
On the other hand, Springer [54] suggested that: 
Tgw =TgO -gM (2-21) 
where g is the temperature shift per unit moisture absorbed and M is the amount of 
moisture absorbed. Another equation was suggested by Fox: 
_1 = Mr + (l-Mr) 
T gw TgH20 TgO 
(2-22) 
T gH20 is the glass transition temperature of water (-130°C) and Tgo IS the glass 
transition temperature of dry resin. Transverse strain is given by 
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y 
y -~ 
B,T - K 
mT 
(2-23) 
where KmT is the strain concentration factor. KmT is greater than unity, thus it causes 
the composite transverse tensile failure strain to be less than the matrix failure strain 
(i.e. YT < Ym). The corresponding transverse strength is: 
(2-24) 
Kies[60] gave the following equation for KmT using a basic mechanics of materials 
approach: 
KmT = [ 1 ] 
d Em -1 +1 
s Ef2 
(2-25) 
Where d is fibre diameter and s is the spacing between fibres in the transverse 
direction. Therefore, d/s is a function of the fibre volume fraction, VJ- Similar 
equations can be given for in-plane (longitudinal) shear strength, such that: 
1 
KmS = d[ Gm -1]+1 
S Gfl2 
(2-26) 
where Gm / Gll2 can be assumed much smaller than unity. It should be noted that this 
is a very simplistic approach because the fibre is perfectly bonded to the matrix. The 
interface bond strength of fibres and matrix can degenerate significantly due to 
moisture absorption. Therefore, in reality both Ym and K are strongly dependent of 
temperature and moisture. Instead of Ym, Tsai [55] assumed that Ym / KmY at a given 
environment should be defined as a function of moisture and temperature: 
(2-27) 
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where ay is the hygrothermal exponent for transverse tensile strength of unidirectional 
composites associated with aE (i.e. hygrothermal exponent for matrix stiffness) by the 
expression ay = Cl aE • Cl is a constant depending on the fibre matrix system. 
Therefore, transverse strength of the composite can be defined as: 
(2-28) 
A similar equation can be suggested for shear strength: 
(2-29) 
where as is the hygrothermal exponent for longitudinal shear strength of 
unidirectional composites associated with aE by the expression ay =C2 aE • C2 is a 
constant depending on the fibre matrix system. Tsai [55] gave the following 
micromechanical equations for the composite stiffness: 
(2-30) 
E 
a = a +C--!!!2..v Ecomp E 3 E f 
fy 
where aEcomp is the hygrothermal exponent of matrix in composites. C3 is a constant 
depending on the fibre matrix system. Therefore, the ply modulus is given by: 
(2-31) 
A similar expression can be given for longitudinal modulus: 
G ( • )ascompi G mcomp = T mo 
(2-32) 
And 
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(2-33) 
Where 11j, is the stress partition parameter, and Drn & Dj, matrix and fibre volume 
fractions, are assumed to be independent of moisture and temperature. 
2.4 Failure in the adherend 
2.4.1 Composite failure criteria 
The failure process of high performance composites is quite complex, involving 
damage processes which are inter-Iaminar (delamination) and intra-Iaminar (matrix 
cracking, fibre fracture etc). Composite materials are predominantly used in situations 
where a large strength-to weight ratio is required. Imperfections, such as cracks and 
delamination, which may occur during the life of a structure, can greatly change its 
characteristics. Hinton and Soden [61] made a comprehensive comparison of the 
predictions of some internationally recognized failure theories for fibre-reinforced 
composite laminates (Liu & Tsai; Edge; Gotsis et al.; Puck & Schurrmann; Hart-
Smith; McCartney; Rotem; Eckold; Wolfe & Butalia; Sun & Tao; Zinoviev et aI., ). 
This important exercise revealed that even at the most simplistic levels, i.e. a 
unidirectional fibre-reinforced lamina, differences as great as 570% were observed in 
the strength predictions. Different test cases featuring some real life applications were 
investigated, e.g. a carbon-fibre quasi-isotropic laminate, which is a fundamental 
building block used in the aircraft structures; a simple (±45°) GRP cross-ply; a (±55°) 
GRP laminate loaded at a stress ratio of Uy: Ux = 2: 1, which is featured in piping and 
pressure vessels currently in-service throughout the world. The exercise revealed that 
even for these very familiar cases, the spread in the final failure strengths predicted by 
the participants was surprisingly large. Ratios of the highest to lowest predicted 
strengths as great as 330% were observed for the quasi-isotropic aircraft laminate test 
case, 970% for the cross-ply laminate and 870% for the (±55°) laminate. 
Unfortunately, a great number of failure criteria used for composites are empirical and 
lack a physical basis. Composite materials exhibit rather complex behaviour for 
biaxial loading. Although some of the theories recognize the inherent micro-level 
mechanisms associated with failure in laminates, failure is usually considered to occur 
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on a macro-level. In spite of these difficulties, this important work is still underway. 
A few different failure criteria that may be applicable to our joints were selected and 
are presented here. Some of them incorporate stress interactions and failure modes 
whilst others do not. 
2.4.1.1 Maximum stress failure criterion 
In doing research in the forest products area, lenkins [62,63] extended the maximum 
stress theory to orthotropic materials. A composite lamina is known to exhibit 
anisotropic strength behaviour, that is, the strength is directionally dependent and thus 
its tensile and compressive strengths are found to be widely different. Therefore, 
according to the maximum stress failure criteria [62], failure is predicted if: 
(;:}F if 0"1 >0 
(;J>F if 0"1 <0 
(2-34) 
(;:» F if 0"2 >0 
(;; »F if 0"2 <0 
(2-35) 
(;;»F if 0"3 >0 
(;;»F if 0"3 <0 
(2-36) 
( a 12 »F 
S12 
(2-37) 
( all »F 
S23 
(2-38) 
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Where 
F is the failure index (F=l.O) 
Xr,X
C 
are the maximum allowable stresses in the I-direction in tension and 
compreSSIOn. 
y;..,Yc are the maximum allowable stresses in the 2-direction in tension and 
compression. 
Z Z are the maximum allowable stresses in the 3-direction in tension and P c 
compressIOn. 
8
12 
is the maximum allowable in-plane shear stress. 
8 is the maximum allowable 23 shear stress. 23 
8 is the maximum allowable 31 shear stress. 31 
(2-39) 
Therefore, no interaction was considered between the different modes of failure, i.e. 
for a plane stress case there are 5 failure mechanisms and 5 sub criteria. 
2.4.1.2 Maximum strain failure criterion 
Waddoups [62,64] extended the maximum strain theory to orthotropic materials and 
failure is predicted if 
(~»F if Cl >0 
elT 
(~»F if Cl <0 
elc 
(2-40) 
(~»F if C2 >0 
e2r 
(-~»F if C2 <0 
e 2C 
(2-41) 
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(~»F if 8 3 >0 
e3T 
(-~»F if 8 3 <0 
e3C 
(YI2 »F 
g12 
(Yn »F 
g23 
( ill »F 
g31 
where 
F is the failure index (F=l.O) 
eiT'e1C are the maximum allowable strains in the I-direction in tension and 
compression. 
e2pe2C are the maximum allowable strains in the 2-direction in tension and 
compression. 
e3pe3C are the maximum allowable strains in the 3-direction in tension and 
compression. 
g12 is the maximum allowable in-plane shear strain. 
g23 is the maximum allowable 23 shear strain. 
g31 is the maximum allowable 31 shear strain. 
(2-42) 
(2-43) 
(2-44) 
(2-45) 
Like the maximum stress criteria, no interaction was considered between the modes of 
failure, i.e. for a plane stress case there are 5 failure mechanisms and 5 sub-criteria. 
The only difference between the maximum strain failure criterion and maximum 
stress criterion is the inclusion ofthe Poisson's ratio terms. 
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2.4.1.3 Hill failure criterion 
This criterion is also called the maximum work criterion. It was initially proposed by 
Hill [62, 65] as a yield criterion for orthotropic materials and the criterion assumes 
that there is incompressibility during plastic deformation and that tensile & 
compressive behaviour are identical. Failure is predicted if: 
(2-46) 
For a plane stress condition, the Hill failure criterion reduces to 
(2-47) 
where 
F is the failure index (F=l.O) 
X are the maximum allowable stresses in the I-direction 
Y are the maximum allowable stresses in the 2-direction 
Z are the maximum allowable stresses in the 3-direction 
S12 is the maximum allowable in-plane shear stress. 
S is the maximum allowable 23 shear stress. 23 
S31 is the maximum allowable 31 shear stress. 
2.4.1.4 Hoffman failure criterion 
The Hoffman criterion [62, 66] is essentially the Hill criterion adapted to account for 
unequal maximum allowable stresses in tension and compression. Failure is therefore 
predicted when 
[Cl (0"2 - 0"3)2 + C2 (0"3 - 0"))2 + C3 (0") - 0"2)2 + C 40"1 + C50"2 
+C60"3 + C 70"i3 + C80"~3 + C9 0"~2 ] > F 
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where 9 C; are determined from the 9 strengths in principal material coordinates: Xr, 
Xc, Yr, Ye, S23, S31, and S12. 
with 
Cl ~ ~(ZT~C + Yr~c XT~J 
For the plane stress case, Hoffman criterion is reduced to: 
WhereXr, Xc, Yr, Yc, Zr, Zc, S]2, S23,S31 are as previously defined 
As seen, a single failure criterion is used in all quadrants. In orthotropic materials, 
distortion cannot be separated form dilatation. Therefore, the Hoffman equation is not 
only related to distortional energy. 
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2.4.1.5 Tsai-Wu tensor polynomial failure criterion 
The Tsai-Wu criterion [62,67, 68] is an improved and simplified version of a theory 
that had been suggested by Gol'denblat & Kopnov [69, 70]. This phenomenological 
criterion states that failure surfaces in stress space can be described by the tensor 
polynomial; 
i,j = 1,2, .... ,6 (2-50) 
When the theory is applied to a unidirectional composite lamina, the expanded form 
of the Tsai-Wu criterion becomes: 
[GIO'I + G2 (0'2 + 0'3) + Glla; + 2G)20'1 (0'2 +0'3) 
+G22 ( ai + O'i) + 2G230'20'3 + G440'; + Gss (a; + O'i) ] > F (2-51) 
Where (Jij are the components of the stress tensor, 0'4 = '23' O's = '31 ,0'6 = ')2 . G; & Gij 
are the strength parameters. Therefore, for the common case of plane stress, the Tsai-
Wu criterion reduced to: 
(2-52) . 
Strength parameters can be calculated from uniaxial tests in the principal material 
directions, such that: 
Where X]', Xc, Y]', Yc, Z]', Zc, S/2, S23,S31 are as previously defined and 
G)2 is the interactive shear stress constant for the 12 plane 
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G23 is the interactive shear stress constant for the 23 plane 
G31 is the interactive shear stress constant for the 31 plane 
The numerical value of compressive strengths is assumed to be positive. However, 
interactive terms G12 & G23 cannot be found from any uniaxial tests in the principal 
material directions. These additional terms can only be determined with an expensive 
and difficult to perform biaxial test. The most discerning test for G 12 is the positive 
shear of a 45° off-axis specimen. An off-axis uniaxial test is shown in figure 2-3. 
x 
2 
x 
Figure 2-3. Biaxial testing from off-axis uniaxiai loading 
Narayanaswami & Adelman [71] suggested that G12 has little influence on the final 
results and should be regarded as zero, i.e. G12 = 0, to avoid the expense of the biaxial 
test. Later, Tsai & Hahn [72] showed that small changes in G12 can significantly affect 
the predicted strength. They suggested that, in the absence of other data, G 12 equals: 
(2-53) 
DeTeresa & Larsen [73] tried to reduce the number of independent parameters for the 
Tsai-Wu criterion for composite materials. In the original description of the theory, to 
avoid open-ended failure surfaces, stability conditions were proposed: 
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GIlG22 -G122 ~ 0 
Gi2 -Gi3 ~ 0 
(2-54) 
DeTeresa & Larsen showed that typical carbon fibre composites do not fail under 
significant levels of hydrostatic pressure (i.e. (11 = (12= (13 <0 and all other stresses are 
zero) or unequal transverse compression (i.e. (12, (13 <0 and all other stresses are zero). 
For instance, they observed that composites do not fail under hydrostatic pressure up 
to -344 MPa although transverse compressive strength, Ye, is only about -30 MPa. 
Based on this observation, they proposed the following expressions for interactive 
terms: 
G -_ GIl 12 - 4 
G23 =-G22 
(2-55) 
Therefore, the number of required parameters for the Tsai-Wu criterion can be 
reduced from seven to five in the full three-dimensional case and the failure criterion 
becomes: 
G1al + G2 (0'"2 +0'"3) + Gnal [al -~( a2 +0'"3)] 
+G22 ( a; + 0'"; - 20'"2a3 + 4ai) + Gss ( 0'"; + an:::; 1 
2.4.1.6 Summary of composite failure criteria 
(2-56) 
Presently, there is no failure criterion acknowledged as the standard for composite 
failure evaluation as most of the failure criteria reviewed have significant limitations. 
An obvious deficit of the maximum strain and maximum stress criteria is that 
interactions are ignored, thereby generating significant errors in stress states where a2 
and 't12 are the dominant stresses. However, the argument exists that the interactive 
criteria often use a single equation to represent the entire failure envelop rather than 
each failure mode. It is worth noting that at present, there is no widespread agreement 
on the best failure criterion for composites and work is continuing in this area to 
improve the failure prediction of composite materials. 
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2.5 Failure in the adhesive 
An important consideration in the design of bonded joints is the need to know the 
strength capability of the adhesive. Numerous failure criteria have been proposed for 
failure prediction of adhesives, and they vary with the type of loading involved [74], 
(e.g. quasi-static [75], cyclic fatigue [76], creep-fatigue [77] and impact [78]) and 
with the nature of the adhesive. Failure criteria include the limit approach, i.e. 
strength of materials and yield criteria [11], fracture mechanics [79-81] and 
continuum damage models [82-84]. The limit approach works on the principle that the 
adhesive behaves as a consistent continuum and failure is predicted when the 
computed strain or stress is above the failure criteria limit. The data used for the 
criteria is obtained from experimental measurements of the adhesive stress/strain 
relationship using bulk samples or specific joint geometries. Analyses of these curves 
show that toughened adhesives are ductile materials that undergo significant non-
linear plastic deformation preceding failure and consequently, elastic-plastic models 
are used to describe their stress/strain behaviour [85-87]. The plastic yield criteria 
were initially developed for metals and have been adapted for use with plastics and 
other materials. The yield conditions can be dependent on all the stress components, 
on shear components only, or on hydrostatic stress. Adhesives also exhibit 
viscoelastic properties [44, 88], thus resulting in rate-dependent stress and strain 
distributions. Elastic-plastic models are modified to account for viscoelastic behaviour 
by the inclusion of rate dependent parameters. Although most adhesive polymer 
blends are known to exhibit an elastic-plastic stress/strain relationship, sensitivity to 
hydrostatic stress in their plastic yielding behaviour has been identified by several 
authors [89-91]. This hydrostatic stress dependence results in widely different 
predictions by different models for bonded joints, especially in the areas of stress 
concentration and for triaxial loading and a number of pressure-sensitive failure 
criteria have been developed to account for this problem. However, these adaptations 
of elastic-plastic models are unable to accurately account for the load response of 
rubber toughened adhesives and require further modifications as the rubber particles 
in this type of adhesive cavitate under a hydrostatic tensile stress and increase local 
plasticity and cavitation models have been developed to account for this behaviour 
[85, 92, 93]. 
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2.5.1 Strength of materials based methods 
The prediction of the strength of bulk adhesive and bonded joints have led to the 
proposal of a number of strength of materials models and some of the most popular 
methods have been reviewed. 
2.5.1.1 Average stress method 
The average stress method [94] makes the assumption that the joint strength is equal 
to the mean shear or normal stress in the adhesive at failure. For a single lap joint, the 
average shear stress is given by; 
P 
T=-
hI 
(2-57) 
Where P is the applied load, I is the overlap length and b is the overlap width. The 
assumptions are that the adherends are rigid and only shear deformation occurs in the 
adhesive. This method is rudimentary and can be used for low stiffuess adhesives. It is 
unable to account for the complex stress state in the overlap area and subsequent 
deformation of the adhesive in a bonded joint [95]. 
2.5.1.2 Maximum stress method 
The maximum stress criterion is commonly used in industry and is one of the most 
instinctive starting points for strength predictions in a bonded joint [96]. The method 
involves a comparison of the maximum stress in the adhesive layer and failure is 
assumed when the stress at any point within the adhesive exceeds a critical value of 
stress. This approach allows for the varying stress distributions in the adhesive layer 
and the stresses are usually determined by non-linear FEA or closed form analysis. 
FEA methods are preferred because they are able to account for large displacement 
rotations that occur in some joints under load. Harris et al [97] have suggested that 
this method is appropriate for characterising the elastic-plastic failure of some 
untoughened adhesives. 
2.5.1.3 Maximum strain criterion 
This criteria was proposed by Hart-Smith[94, 98] based on his assumption that the 
failure stress for a bonded joint is primarily dependent on the shear strain at failure of 
the adhesive. This method has been now been widely adopted for calculating the 
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strength of bonded joints and the criterion accounts for elastic-plastic deformation in 
the adhesive and has been used successfully and deemed appropriate for some 
toughened adhesives by Harris and Adams [97]. 
2.5.2 Plastic yield criteria 
The strength of materials based methods previously reviewed, except the maximum 
strain criterion, assume that the adhesive acts like an elastic solid and does not include 
plasticity. This makes them unsuitable for many adhesives, especially rubber modified 
epoxies which show large plastic strains to failure. The yield stress is the measured 
stress level that separates the elastic and plastic behaviour of the adhesive, and is 
usually obtained from a uniaxial test as shown in figure 2-4, even though stresses in a 
structure are multi-axial. 
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Figure 2-4. Tensile stress/strain curve for a rubber modified epoxy adhesive. 
Various theoretical criteria have been suggested for illustrating the yield behaviour of 
polymers under multi-axial stress conditions and these include the von Mises yield 
criterion, the Tresca yield criterion, the Mohr-Coulomb criterion and the Ducker-
Prager criterion. 
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2.5.2.1 Von Mises failure criterion 
This plastic yield criterion is also known as the octahedral shear stress yield criterion 
or the distortion energy yield criterion and is widely used in industry for the 
prediction of failure in ductile materials because of its agreement with the observed 
behaviour for commonly encountered ductile materials such as aluminium and low 
carbon steels. The criterion predicts yield when the octahedral shear stress exceeds a 
critical value. 
0"2 / 
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(a) Two-dimensional stress space (b) n-plane 
Figure 2-5. von Mises Yield Surface [62] 
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For an isotropic material, the yield stress is expressed in tenns of the principal stresses 
by the following relationship [99]. 
(2-58) 
In the case of pure shear, this expression becomes 
(2-59) 
The tensile yield stress now becomes a material parameter and has a minimum value, 
which denotes the limits of elastic behaviour and the start of plastic defonnation and 
is related to the tensile plastic strain e:, via the tensile strain hardening function 
G'y(en .The von Mises criterion has been shown to predict an unrealistic yield surface 
[95, 100, 101] when some polymers, particularly toughened adhesives, are under 
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certain stress states such as compression and shear because tests reveal that yielding 
under these conditions is sensitive to the hydrostatic component of stress. Wang and 
Chalkey [89] have suggested a modification of the von Mises criterion to account for 
the hydrostatic components of the stress tensor and this is mathematically described as 
follows: 
(2-60) 
Where 'm is the von Mises yield stress, defined by the following equation: 
(2-61) 
T m 0 is the yield stress in pure shear and p is the hydrostatic stress component. The 
parameter Pm can be determined from stress/strain measurements under two different 
stress states; Broughton et al [96] showed that Pm can be determined from tension and 
shear stress/strain curves with the following equation 
(2-62) 
where as and ay are the yield stresses at the same effective plastic strain. 
Alternatively, where the stress/strain curves available are from compression and shear 
tests, then Pm is determined as follows: 
(2-63) 
where as and acare the yield stresses at the same effective plastic strain. This 
modification however, only achieved limited success estimating the yield behaviour 
of structural adhesives [91]. 
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2.5.2.2 The Tresca criterion 
The Tresca criterion is another commonly used criterion, in which yielding occurs 
when the maximum shear stress, i max reaches the same value as when yielding occurs 
in a uniaxial tensile test [62, 102]. The criterion is given by; 
(2-64) 
Where CTt and CT3 are the maximum and minimum principal stresses. In the case of 
simple tension, the Tresca criterion becomes: 
CTt CTy r =-=-
max 2 2 (2-65) 
Where CT y is the yield stress in tension. Even though this assumption is very 
simplistic as it considers the shear stress as the only cause of yielding instead of all 
the stresses, it is frequently used because of its simplicity. 
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Figure 2-6. Tresca Yield Surface [62] 
2.5.2.3 Mohr-Coulomb failure criterion 
The Mohr-Coulomb failure criterion is used for materials that exhibits hydrostatic 
stress sensitivity in their plastic yielding behaviour and is a generalisation of the 
Tresca yield criterion. This generalisation is based on the assumption that failure 
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occurs by shearing but that the shear stress is a function of the cohesion of the 
material and the normal stress on that plane [62, 103]: 
(2-66) 
Where 0"\ and CT3 are the maximum and minimum principal shear stresses, rjJ is the 
angle of friction and c is the cohesion. Two types of Mohr-coulomb material exist, 
linear and parabolic, and the difference between the two is that the yield function is 
considered to either be a linear or parabolic function of the hydrostatic stress in the 
case of plane strain, as shown in figure 2-7. 
Yield 
't 
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(a) Linear Mohr-Coulomb (b) Parabolic Mohr-Coulomb 
Figure 2-7. Yield envelope of the plane strain Mohr-Coulomb material [62] 
2.5.2.4 Drucker-Prager failure criterion 
The von Mises failure criterion was extended by Drucker and Prager to account for 
hydrostatic stress dependence in frictional materials and their yield function is 
expressed as: 
(2-67) 
Where r oct is the octahedral shear stress, which is defined by: 
(2-68) 
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And aDC/ is the octahedral normal stress, given by: 
(2-69) 
and c and a are material constants estimated from the intercept and slope of the 
failure envelope in the ('z-ocpaoc/) space. a is related to the angle of friction of the 
material and c is related to the cohesion. This criterion is similar to the Mohr-
Coulomb criterion with the important difference that the Mohr-coulomb criterion 
assumes that failure is independent of the intermediate principal stress, but the 
Drucker-Prager does not, resulting in the difference in their yield locus as shown in 
figure 2-8. 
Drucker-Prager 
Yield Surface 
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Yield Su rface 
Figure 2-8. Mohr-Coulomb and Drucker-Prager models in the 1t-plane 
The linear Drucker-Prager model has been successfully employed by Yu et al [104] 
for rate dependent adhesives and limited success in modelling structural adhesives, 
has also been reported in other works [89, 101]. Dean and Broughton [91] also 
compared predictions from the von Mises, linear and exponential Drucker-Prager 
models with experimental results for a butt joint specimen and found that the 
exponential Drucker-Prager criterion gave a better prediction than the others. 
2.5.2.5 Limitations of plastic yield criteria 
The limitation of the plastic yield criteria reviewed here have been noted in the 
literature [89, 96]. When applied to rubber toughened structural adhesives they 
assume that the initiation of inelastic behaviour arises from plastic deformation and do 
not account for the effects of rubber particle cavitation on yield and plastic 
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deformation. The evolution of cavities within the rubber particles in rubber-toughened 
adhesives affects the plastic deformation of the material giving rise to failure due to 
the growth of voids. 
2.5.3 Fracture mechanics 
The fracture mechanics approach assumes that all materials contain flaws and that 
failure is by the propagation of flaws of a critical size. Fracture mechanics has been 
widely used to predict crack growth, fracture and failure in adhesive joints [20, 75, 
105-108]. The main concepts of fracture mechanics are the energy balance method 
pioneered by Griffith [109] and the stress intensity factor concept developed by Irwin 
[110]. These methods have been successful used with metals and have been recently 
applied to polymers and adhesively bonded joints [75,83,107,108,111]. One of the 
fundamental principles of fracture mechanics is that the critical strain energy release 
rate, Gc (or Jc for non-linear fracture) and the critical stress intensity factor, Kc, are 
material properties and substantial effort has gone into the determination of these 
properties in bulk specimens and adhesive joints [112, 113]. Although the stress-
intensity approach is widely used for the analysis of metals, it is more complicated to 
apply to adhesively bonded joints, where constraint effects of the adherend on the 
adhesive layer make it difficult to define the stress distribution around the crack tip. 
Therefore, G, is frequently used as the governing fracture parameter in the analysis of 
bonded joints in preference to K. 
The energy balance method suggests that in a system containing flaws, an energy 
balance exists between the strain energy of a structure and the work needed to create a 
new crack surface under a given loading condition and failure occurs when the strain 
energy release rate equals the critical strain energy release rate, expressed 
mathematically as: 
(2-70) 
where G is the strain energy release rate and Gc is the critical strain energy release 
rate. G is defined as: 
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G=- dII 
da 
(2-71) 
where n is the strain energy and a is the crack length. G is a function of the geometry, 
loading mode, adhesive thickness and rate of load application. This can be determined 
in bonded joint via the experimental compliance method. In this method, the load, 
crack opening displacement and crack length are monitored to detemiine changes in 
compliance with crack growth. The mode I strain energy release rate can be calculated 
using the following equation [114]; 
P2 dC G---
1 - 2b da (2-72) 
where P is the load, b is the specimen width, a is the crack length and C is the 
compliance, defined by: 
C=~ 
P 
where v is the crack opening displacement, with crack closure effects neglected. 
(2-73) 
The J-Integral was devised by Rice [115] in 1968, by idealizing elastic plastic 
deformations as non-linear elastic i.e. ignoring the fact that the deformation in metals 
is irreversible. Thus, the energy rate is defined as follows; 
G = - d Il for a linear elastic material 
dA 
dIl 
and J = --- for a non-linear elastic material 
dA 
(2-74) 
(2-75) 
where dII is interpreted as the difference in energy of a cracked body with fracture 
surface area A, and a cracked body with an incrementally larger fracture surface 
A +dA as shown in figure 2-9. For linear elastic materials, J = G. It was shown by 
Rice [115] that J can be written as a path independent line integral; 
(2-76) 
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where Wis the strain energy density, given by;W = faijd8ij. T; are components of the 
traction vector, U; are components of the displacement vector and ds is a length 
increment along the contour r around the crack tip as shown in figure 2-10. 
Displacement due to crack 
Figure 2-9. Graphical Illustration of J-Integral 
y 
x 
Figure 2-10. J-Integral contour round a crack tip 
Several works on the fracture mechanics of adhesive joints have utilised a macro-
crack thereby making the approach irrelevant to uncracked joints. Objections to this 
approach for bonded joints include the reality that the size of the crack that is 
analysed is much larger than the crack sizes that usually exist in bonded joints, the 
size of the macro-crack is usually much greater than the bond thickness and also the 
problem of the precise location to insert the crack [74]. 
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2.6 Progressive damage modelling 
2.6.1 Introduction 
Most of the plastic yield failure criteria previously reviewed involve the 
characterisation of adhesive material behaviour from the extrapolation of stress-strain 
data which makes them rather unrealistic. Current research has focused on a more 
explicit form of data where the load carrying capacity of the adhesive corresponds to 
the amount of damage present in the joint. The incorporation of the failure criterion 
into the analysis can make the determination of the response of the bonded joint 
possible from the analysis. 
Varying degrees of sophistication have been suggested for modelling damage in 
adhesive joints, ranging from simple material removal when some critical condition 
has been exceeded to a model which allows softening of the load carrying capacity to 
a state where load carrying is no longer possible [116, 117]. More thorough methods 
include continuum damage modelling which involves the combination of a yield 
criterion and a damage criterion in a model and models that explicitly describe the 
actual micro-mechanics such as cavitation of rubber particles leading to void 
nucleation and coalescence in rubber-toughened adhesives [93]. 
2.6.2 Cohesive zone modelling 
The basis for cohesive zone models (CZM) can be traced to the works of Dugdale 
[118] and Barenblatt [119] who investigated techniques for simulating crack initiation 
and growth using cohesive laws. It is well known that a fracture process zone exists 
ahead of a crack tip where initiation, growth and coalescence of micro-cracks or voids 
occur. This process zone can be modelled in a simplified way by assuming that the 
material along the crack path obeys the specified traction-separation law of a cohesive 
zone model. The implementation of models with traction-separation laws is rather 
simple and commonly found in many commercially available finite elements 
packages. The concept of cohesive zone models regard fracture as a gradual 
phenomenon where material separation occurs along an extended crack tip or 
cohesive zone and is opposed by cohesive tractions. Consequently, cohesive zone 
elements only describe the forces that occur when a material continuum is being 
pulled apart and not the physical material, as illustrated in figure 2-11. 
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Figure 2-11. Schematic representation of (a) the cohesive zone concept and (b) cohesive 
tractions along the surface at the crack tip vicinity. 
2.6.2.1 Traction separation law 
Several forms of traction separation law have been proposed [62, 120-122] but they 
all exhibit the same general behaviour. As the cohesive surfaces detach, the traction 
increases until a maximum is attained and then the traction decreases to zero at which 
point there is a complete loss of (local) load carrying capacity and separation occurs. 
This behaviour is true for both shear and normal tractions. A schematic example of 
the bilinear and exponential [123] cohesive material model is shown in figure 2-12. 
(a) (b) 
Figure 2-12. (a) Bilinear and (b) exponential cohesive material model [62]. 
For a 3-dimensional system, the effective opening displacement which is based on the 
relative displacements of the shear and normal components is defined as: 
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(2-77) 
Wherevn , Vs and VI are the relative displacement components (one normal and two 
shear) and fJ is the shear-normal weighing coefficient, which is the ratio between the 
critical shear and normal tractions. The effective traction te is a function of the 
effective opening displacement and is reversible until the critical effective opening 
displacement (vc) has been reached. Other factors influencing the failure behaviour 
include the area under the traction separation curve, which corresponds to the energy 
release rate (Gc) and the maximum effective opening displacement (vm ), which is 
used only in the bilinear model. 
The exponential traction separation law is given by: 
V -vel 
t =G _e e IVe 
e c 2 
Vc 
And the bilinear traction separation law is given by: 
(2-78) 
(2-79) 
Some authors have shown that the form of the traction-separation law is crucial to the 
macroscopic mechanical response of the system [120] and the critical effective 
opening displacement (vc) has a significant influence on the overall elastic 
deformation. 
The shape of the traction-separation law for a material or bimaterial interface is a 
material property which characterises the fracture process for that particular material 
or bimaterial interface and can be calibrated though experiments and finite element 
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modelling, as shown by Yang et al [124, 125] and Sorensen [126]. They also showed 
that it is independent of specimen geometry and can be used to model fracture of that 
material or interface in any geometry. Crocombe et al [127] successfully used the 
CZM approach to predict the residual strength of adhesively bonded single lap joints 
and thick adherend shear test specimens degraded by moisture, using two moisture 
dependent fracture parameters i.e. fracture energy and tripping traction, which were 
calibrated through a mixed-mode flexure test (MMF) and modelling. Other authors 
[116, 126, 128] have also concluded that crack initiation and propagation for several 
materials and bimaterial interfaces for different loading rates can be successfully 
modelled using the CZM approach. 
2.6.2.2 Limitations of the cohesive zone model 
Most of the work done on the failure of adhesive joints using cohesive zone models 
involves a selected crack path [127] which is based on experimental observations. The 
cohesive elements are positioned along the potential path or region of crack 
propagation, and attached to continuum elements elsewhere. In some cases, a single 
cohesive zone has been used to describe the entire response of the adhesive layer 
[129], which is a significant simplification when the complex cracking mechanisms of 
an adhesive layer are considered. This prevents the modelling of diffuse crack 
patterns especially in the case of the initiation and propagation of fast cracks, where 
spontaneous propagation of cracks have a strong dependency on the finite element 
mesh size and a sufficiently refined mesh is required to prevent premature crack 
formation ahead of the main crack front [130]. XU and Needleman [123] attempted to 
allow for a more arbitrary direction of crack propagation and introduced interface 
cohesive zone elements between all continuum elements. However, they found that 
the models suffered from mesh bias and crack propagation was still restricted to inter-
element boundaries. They also found this method unsuitable for large scale and three 
dimensional analyses. 
2.6.3 Continuum damage modelling 
Continuum damage mechanics (CDM) has been researched extensively over the last 
few decades and has become the basis for models developed for phenomena such as 
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fatigue, creep, brittle and ductile damage. Several works and reviews have been 
carried out by Lemaitre and Krajcinovic [131]. The continuum damage models 
developed are either from a macromechanical or micromechanical approach and the 
choice of damage variable is vital since it characterises the type of failure and the 
practicability for engineering applications. Eskandari and Nemes [132] postulate that 
the success of a continuum damage model depends a great deal on the type of damage 
variable employed. The expectation is that a damage criterion should be able to 
represent extremely complex micro-defect features and still be simple enough to make 
the model applicable to engineering applications. 
Continuum damage models are useful because of their capability to simulate the 
response of both ductile and brittle materials, including unloading of structures at a 
degraded stiffness, in contrast to elastic plastic models which assume unloading 
parallel to initial stiffness. Continuum damage mechanics theory attempts to model 
the progressive loss of material integrity due to the formation, growth and coalescence 
of voids and cracks, leading to instabilities when these voids reach a critical size, as 
illustrated in figure 2-13. Damage models are based on the study of void growth, 
using various parameters such as maximum principal stress and plastic strain. 
Experimental studies with metals and polymers have shown that this behaviour is 
strongly influenced by the hydrostatic component of stress. Damage models are 
classed into coupled and uncoupled damage models. In the coupled damage model the 
mechanical behaviour of the material is directly linked to the evolution of the damage 
whereas this coupling does not exist for the uncoupled damage model, hence they are 
sometime known as damage indicators and do not influence the material properties of 
the material. 
nucleation coalescence 
mee •• • • • ® / 
stress 
Fracture 
strain 
Figure 2-13. Progressive mechanical degradation of a material in a tensile test showing 
nucleation, growth and coalescence of voids. 
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Different damage indicators are incorporated in various commercial finite element 
packages and include the Oyane and Cockroft-Latham [133] damage models. Coupled 
damage models such as the Lemaitre and Gurson-Tvergaard-Needleman (GTN) 
damage models are also implemented in some commercial finite element software. 
These are more difficult to apply to polymers and adhesives but closely describe the 
physical phenomenon of mechanical fracture of ductile materials. 
2.6.3.1 Cockroft-Latham damage model 
The Cockroft-Latham [133] damage criterion is widely used as a damage indicator 
for the prediction of ductile fracture in metals and postulates that failure will occur 
when the tensile strain energy exceeds a critical value, and is regulated by the 
maximum tensile stress and the effective plastic strain to indicate possible damage 
area. The equation is: 
(2-80) 
Where UT is the maximum principal stress, (j is the effective von Mises stress, 8p is 
the effective plastic strain and C is the damage threshold. One of the advantages of 
this criterion is that is requires a minimum of experimentally determined constants. Its 
implementation in various finite element packages relies on the element removal 
technique, where an element is deleted from the mesh during post processing once it 
exceeds it critical damage threshold. However, this does not result in loss of material 
from the original model [62, 134]. However, there is little evidence of the use of this 
criterion in failure prediction of polymers, despite its success in simulating metal 
blanking operations [135]. 
2.6.3.2 Oyane damage criterion 
The Oyane damage indicator [136] is another uncoupled damage criterion, similar to 
the Cockroft-Latham criterion and widely used in the simulation of metal forming 
processes. The criterion is defined by: 
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(2-81) 
Where C is the damage threshold, a m is the mean stress, (j is the effective von Mises 
stress, & is the effective plastic strain rate and B is a material constant. This damage 
indicator can also be used to indicate crack initiation and growth via element removal 
but there is little evidence of its use in the failure prediction of polymers and 
adhesives. 
2.6.3.3 Lemaitre damage model 
The Lemaitre damage model is a coupled macro-mechanical approach to damage in 
materials that are subject to large plastic deformations and is based on the 
thermodynamic dissipation of potential of a material where ductile damage is 
considered as a specific energy that is released when macroscopic fracture occurs 
[137]. 
The damage model considers an original area Ao where cavities exist and during 
deformation, these cavities grow and coalesce, with subsequent failure of the material. 
The damaged area is given by [138, 139]: 
Where A is the sum of all the cavity areas. 
The damage variable is given by: 
A D=-
Ao 
(2-82) 
(2-83) 
where D = 0 in the undamaged state, and D = 1 when failure has occurred due to 
rupture. Because of these cavities, an effective stress exists which is defined as 
_ F a 
a=-=--
A I-D 
(2-84) 
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Experiments also show that the voids which form due to damage also partially close, 
so the effect of damage is reduced, leading to the introduction of a fracture closure 
parameter h, which is determined experimentally. The effective stress then becomes: 
_ F (j 
(j-------
A 1+(-hxD) (2-85) 
Damage growth only begins after the equivalent plastic strain threshold, s p' is 
exceeded and this material parameter is determined from experiments. The evolution 
of damage is obtained by relating the mean normal stress (j m and the equivalent 
stress (i, through a triaxiality function 1 (1]). The incremental damage law then 
becomes: 
aD = f(1])·(i2 2 asp for 0 ~ D ~ 1 
2E·S·(1-D) (2-86) 
The triaxiality function gives the state of the stresses in the material as follows; 
2 2 (j 
1(1]) = 3(1 + v) + 3(1- 2v)1] ,where 1] = ; (2-87) 
jj is the equivalent stress, E is the Young's modulus, v is the Poisson's ratio, asp is 
the effective plastic strain increment and D is the absolute damage at this increment. 
S is the damage resistance factor, which is a parameter determined from a 
combination of tensile tests and finite element calibration. 
The critical damage parameter, De' is a material parameter that signifies critical 
damage occurs when this parameter is exceeded and derived from uniaxial testing as 
follows; 
2 
D = D (j u (1 - D)2 C' 0 < D < 1 e le rn:::\ 2 10r - c-
«(ivf(1]» 
(2-88) 
Where DIe is the critical damage in a uniaxialloadcase. 
Several authors have successfully generated damage parameters from vanous 
experimental methods including uniaxial and micro-hardness tests [140], to simulate 
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metal forming processes. This damage model has also been used to optimise new 
piercing processes such as punchless piercing [141]. Paepegem and Degrieck [142] 
also combined the Lemaitre damage model with a static failure criterion for 
simulation of residual strength and stiffness for fatigue in fibre-reinforced composites 
and successfully predicted the three stages of stiffness degradation; initial decline, 
gradual reduction and final failure as well as the stress redistribution due to loss of 
stiffness in the damaged zones. Horrigan et al [143] developed a combination of the 
Lemaitre damage model, elastic and inelastic strain accumulation models. They used 
the combination of these three constitutive models to simulate the material behaviour 
of honeycomb materials and found the analysis results to be of good correlation with 
experiments. However, there is little evidence in the literature that this damage model 
has been used model continuum damage in adhesives. 
2.6.3.4 Gurson-Tvergaard-Needleman (GTN) damage model 
In contrast to the macroscopic approach of the Lemaitre model, the GTN model takes 
a micromechanical approach to the characterisation of damage and failure. 
Gurson[144] studied microscopic voids in materials and derived a set of modified 
constitutive equations for elastic-plastic materials. Tvergaard and Needleman [145] 
later modified the model to include the behaviour of small void volume fractions and 
for void coalescence. 
In the modified model, the amount of damage is indicated via a parameter called the 
void volume fraction f. The yield criterion for the macroscopic assembly of voids 
and matrix material is given by [62]: 
(2-89) 
Where (j is the equivalent stress, ay is the yield stress of the matrix material and 
a kk is the hydrostatic stress. The parameter % was introduced by Tvergaard to 
improve the Gurson model at small values of void volume fraction and experimental 
studies have shown that values of ql = 1.5 and q2 = I are accurate for solids with 
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sporadic spaced voids. These parameters can also be derived from finite element 
calibration of experimental curves. Damage evolution measured by the void volume 
fraction is representative of void nucleation and growth. Void nucleation occurs by 
debonding of second phase particles and the strain for nucleation depends on the size 
of the particles. The nucleation of voids can either be modelled as a normal 
distribution in the strain if nucleation is strain controlled or normal distribution of 
stresses if stress control is assumed. The modified model replaces the void volume 
fraction f with the modified void volume fraction f *, because the original model 
predicted ultimate failure at f = 1 and this was found to be too high. A rapid decrease 
in the load carrying capacity of the material if void coalescence occurs is linked to 
f* , such that 
f* =f if f::;'fc 
f' =J;+(i=~)U -10) (2-90) 
Where fe is the critical void volume fraction, fF is the void volume at failure, and 
fu· = 1/ q) . The existing value of the void volume fraction changes with the growth 
of existing voids and the nucleation of new voids and is characterised by: 
i = i growth + i"ucleation (2-91) 
The growth of voids is given by: 
igrOwth = (1- f)&ft (2-92) 
The nucleation of voids can either be strain or stress controlled. Strain controlled 
nucleation of voids is given by: 
(2-93) 
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and stress controlled nucleation of voids is given by: 
. IN 1 L-O"n [ ( J2] !nucleation = S .J2" L exp - 2 S (2-94) 
Where IN is the void volume fraction of forming particles, En is the mean strain at 
which void nucleation occurs, S is the standard deviation, 0" n is the mean stress for 
void nucleation and L = if + ..!. 0" kk • 
3 
ZaIri et al [146] used the GTN model coupled with a modified viscoplastic material 
model to investigate the mechanical response of rubber toughened 
polymethylmethacrylate (PMMA) at room temperature and compared the results with 
experimental tests to produce a quantitative agreement with experimental 
observations. Some of their experimental observations also included stress whitening 
caused by cavitation of rubber particles. 
Imanaka et al [92] used the GTN model to investigate the relationship between the J-
Integral value and crack extension of adhesively bonded compact tension (eT) 
specimens and bulk single-edge notched bend (SENB) rubber modified epoxy resins 
cured at different temperature to induce voids of different sizes. The characteristics of 
the experimental curves and experimental observations were seen to correlate with the 
void volume calculations. 
Dean and Mera [93] carried out extensive work on a rubber toughened propylene-
ethylene copolymer containing about 17% by weight of filler and introduced a 
modification of the GTN model to account for the cavitation of rubber particles. This 
phenomenon is usually visible as stress whitening in the failure of rubber toughened 
plastics. They also produced a detailed framework for the determination of the model 
material parameters though experimental testing. They modified the GTN model by 
the introduction of a void nucleation function relating the void fraction to the applied 
volumetric strain. The modified criterion allows for the changing composition of the 
polymer matrix during void nucleation. The model was shown to predict the 
stress/strain response of bulk adhesives in tension and compression, and adhesively 
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bonded tensile-butt joints. Mathematical details of the model are included in their 
report [93]. 
2.7 Summary 
This review shows the considerations necessary for evaluating degradation and the 
long term performance of adhesively bonded joints. The factors that affect the 
durability of bonded joints include physical ageing & degradation, residual & thermal 
stresses and moisture diffusion into polymeric components of the joint system or at 
the interface and its effects on the properties of the constituent materials of the joint. 
It is widely acknowledged that thermal residual stresses exist in adhesively bonded 
joints and they are more severe in joints with mixed adherends. Thermal cycling of 
the joint can lead to fatigue due to these stresses. 
Moisture has also been identified as a pnmary agent affecting the durability of 
adhesive joints. The characterisation of moisture dependant mechanical properties and 
moisture transport of joint constituents and the likely mode of transport in various 
joint configurations are necessary to understand the effect of moisture on bonded 
joints. Coupled diffusion-mechanical analysis is necessary to correctly model these 
effects and determine the resulting hygro-thermal stresses. 
Several failure criteria for composites and adhesives have also been reviewed. 
However, it is clear that there is no definitive failure criterion for composites or 
adhesives. However, damage mechanics based models have shown significant success 
in modelling interfacial degradation in bonded joints and the GTN model has also 
been successful in the characterisation of failure due to cavitation of rubber particles 
in rubber toughened adhesives. 
Based on the review presented, it can be seen that extensive previous work has been 
done on the durability modelling of bonded joints. Failure has been modelled with 
CZM and CDM models. However, an in depth characterisation of the combined 
effects of thermal, hygroscopic and mechanical stresses on bonded joints is needed. 
Previous attempts to model thermal and hygroscopic stresses have been carried out 
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using 2D FEA models, which can be misleading. Therefore, a comparison of 2D FEA 
modelling of thermal, hygroscopic and mechanical stresses with 3D FEA and 
experimental results is necessary, taking non-linear effects into account. Failure 
predictions in 2D and 3D, using the CZM and GTN models will be carried out, in 
order to determine the most appropriate modelling techniques. 
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CHAPTER 3 
3 Material Properties and Joint Tests 
In this chapter, the material property data for the materials used in this project that 
were generated in this project, together with other researchers as part of a joint 
research project on joint testing and material property determination sponsored by the 
MoD, is reported. Data from joint degradation tests are also presented, that were 
subsequently used in the modelling and validation of environmentally degraded joints. 
Most of the data was generated by other researchers in the project and their full 
contribution is detailed in section 3.2. The joint research team comprised of 
researchers from QinetiQ, BAE Systems, MBDA UK Ltd, University of Surrey and 
Loughborough University. 
3.1 Introduction 
The complexity of stress and strain distributions present in adhesive bonded joints has 
led to the common practice of using finite element analysis for the prediction of 
stiffness and stress distributions. In order to accurately predict the durability 
performance of adhesive joints using FEA, it is necessary to determine the mechanical 
properties of the joint and the effect of environmental exposure on these mechanical 
properties. A number of investigations were undertaken to generate the following 
material properties for the adhesive and composite adherend; 
• Bulk adhesive fracture energies; 
• Thermal expansion behaviour; 
• Moisture absorption at conditioning temperatures. 
• Hygroscopic expansion 
• Stress/strain behaviour of the adhesive 
Other material properties were derived from data in literature. 
63 
Chapter 3: Material Properties and Joint tests 
3.2 Material property characterisation 
In order to obtain the material property data required for the degradation modelling 
and validation, the tasks outlined in table 3-1 were carried out. 
Table 3-1. Tasks carried out in the material property characterisation study. 
Task 
Preparation ofFM73 test samples 
Manufacture ofIM7/8552 test pieces 
Preparation of steeV FM73 bimaterial strips for CTE determination. 
Determination of stress/strain curves for FM73 at 23°C as a function 
of moisture content 
Determination of stress/strain curves for FM73 at 50°C and 70°C as 
a function of moisture content 
Determination of stress/strain curves for IM7/8552 at 23°C as a 
function of moisture content 
Determination of stress/strain curves for IM7/8552 at 50°C and 70°C 
as a function of moisture content 
Determination of diffusion coefficients and equilibrium mass 
uptakes of FM73 at 50°C/95%RH 
Determination of diffusion coefficients and equilibrium mass 
uptakes ofIM7/8552 
Determination of the coefficient of thermal expansion of FM73 
Determination of the moisture swelling ofFM73 at 50°C and 70°C 
as functions of moisture content. 
Determination of the moisture swelling ofIM7/8552 at 50°C and 
70°C as functions of moisture content. 
Key: 
Q - QinetiQ PIc:- S. Millington & NF. Grey 
B - BAE Systems Plc: - J. P. Sargent. 
M- MBDA UK Plc:- T. Ackermann 
L - Loughborough University:- F. Jumbo & LA. Ashcroft 
S - University of Surrey:- Y Hua, C.D M Liijedhal, A. D. Crocombe & M Abdel-Wahab 
3.2.1 Sample manufacture 
IM7/8552 Unidirectional CFRP 
Production of Hexcel IM7/8552 unidirectional CFRP test samples for property 
determination was carried out by QinetiQ. The laminates were cured in an autoclave 
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in accordance with the manufacturer's instructions and examined using ultrasonic 
NDE to confirm their quality [147]. 
FM73 adhesive 
The FM73 bulk specimens of O.5mm thickness were manufactured by D. Liljedahl at 
the University of Surrey, using an open vacuum release technique and the cure cycle 
recommended by the manufacturer to reduce the amount of voids in the samples 
[148] . 
3.2.2 Thermal expansion 
The coefficient of thermal expansion (CTE) of the adhesive was determined by D. 
Liljedahl [148] at the University of Surrey using steel/FM73 bimaterial beams 
manufactured at QinetiQ. Each beam was made from high yield strength steel, 
nominally O.2mm thick and five layers of FM73 adhesive and cured as per the 
manufacturer' s instructions. The length and width of the beams were 120mm and 15 
mm respectively. The resulting bimaterial beam was 1.084mm thick and was left to 
cool down in the oven after cure. Measurement of deflections of the beam at different 
temperatures was taken and the temperature dependent CTE of the adhesive was 
determined using Timoshenko' s beam solution. The data is shown in figure 3-1. 
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Figure 3-1. Temperature dependent coefficient of thermal expansion for FM73 [148]. 
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The anisotropic thermal expansion data for the IM7/8552 unidirectional CFRP was 
not generated in this project as data was available in the literature [149]. This is 
presented in table 3-2. 
Table 3-2. Coefficient of thermal expansion (a.) for IM7/8552 unidirectional CFRP [149]. 
CTE(ulI) CTE(U22) CTE(U33) 
[oC-l] [oC-l] [oC-l] 
0.06 x lO-) 3.0xl0-5 3.0x 10-5 
Standard handbook values of the coefficient of thermal expansion were used for the 
steel and aluminium alloys used in this work, as shown in table 3-3. 
Table 3-3. Coefficient of thermal expansion for steel and aluminium alloys [150, 151]. 
Property AISI302 1060-H12 7075-T6 Steel Aluminium Aluminium 
Coefficient of thermal 
expansIon, 
[oC-l] 
17.2 x 10-5 2.25 X 10-5 2.25 X 10-5 
3.2.3 Moisture uptake and diffusion coefficients 
The moisture uptake of the FM73 specimens was determined by gravimetric 
experiments carried out by D. Liljedahl [148] at the University of Surrey. The 
specimens were removed from the conditioning environments of 50°C/95%RH, 
70°C/80%RH and 50°C/water immersion and weighed periodically until saturation. 
The moisture uptake data is shown in figure 3-2 and was found to have a good fit with 
Fickian diffusion. The Fickian diffusion coefficients were found by applying the 
following equation to the uptake data [36]. 
M 8 <Xl 1 
-- = 1--2 I 2 exp{-D(2n + 1)2 7r2t / 412} 
M soI 7r n=O (2n + 1) 
(3-1) 
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Where M is the amount of diffusing substance at instantaneous time and Msa/ 
represents the condition at saturation. The diffusion coefficients for FM73 are shown 
in table 3-4. 
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Figure 3-2. Moisture uptake for FM73 [148]. 
6 
Table 3-4. Fickian diffusion coefficients and equilibrium mass uptakes for FM73 
Material Environment Diffusion Saturated moisture 
(OC, %RH) Coefficient. content. 
D (mm2/s) M sat (wt %) 
FM73 50°C, water 52.2x 10'1:S 3.5 
50°C, 95%RH 7.68 x10·7 2.2 
70°C,80%RH 62.1 x10·1 1.24 
The moisture diffusion properties of the CFRP composite were determined from 
experiments by l.P. Sargent from BAE and are presented in table 3-5. 
Table 3-5. Diffusion parameters for IM7/8552 Unidirectional CFRP. 
Environment D parallel to D perpendicular Saturated moisture 
fibre axis to fibre axis content. 
[D II ] (m2/s) [D22 ] (mm2/s) M sat (wt %) 
50°C/95%RH 7.0 x lO'1J 2.0x 1 0.7 ~1.0 
70°C/80%RH 14.0x lO·1J 5.0x 10" 0.8 
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3.2.4 Hygroscopic expansion 
The swelling behaviour of FM73 as a function of moisture content was determined by 
D. Liljedahl [148] at the University of Surrey by measuring the expansion of dumb 
bell specimens at periodic intervals during conditioning at 50°C/95%RH and 
70°C/80%RH. A shadow graph was used and the expansion was assumed to be 
isotropic. Figure 3-3 shows the swelling strains as a function of moisture content and 
the coefficients ofhygroscopic expansion (CHE) is presented in table 3-6. 
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Figure 3-3. Swelling in FM73 due to moisture uptake at 50°C/95%RH and70°C/80%RH. 
Table 3-6. Coefficient ofhygroscopic expansion for FM73. 
FM73, P -0.00211 MSO' (wt %) 
Environment Saturated moisture ~ 
content MSO' (wt %) 
50°C/95%RH 2.2 0.00462 
70°C/80%RH 1.2 0.00252 
50c C/Immersed 3.5 0.00735 
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The anisotropic hygroscopic expansion coefficients of the IM7/8552 unidirectional 
CFRP were determined by l.P . Sargent from BAE, using a digital micro-photographic 
image correlation method. The strains from moisture expansion in the directions 
parallel and perpendicular to the fibre axis are shown in figure 3-4. The moisture 
dependent coefficients of hygroscopic expansion are presented in table 3-7. 
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Figure 3-4. Swelling strains recorded for IM7/8552 Unidirectional CFRP at approximate 
saturation values for exposure at 80%RH, 95%RH and ambient RH. 
Table 3-7. Coefficient of hygroscopic expansion for IM7/8552 unidirectional CFRP 
IM7/8SS2 Unidirectional CFRP, CHE - O.00493/moo (wt %) (perpendicular to 
fibre direction only 
Environment Saturated moisture CHE Parallel to CHE perpendicular to 
content moo (wt %) Fibre axis fibre axis 
50°C/95%RH 1.00 0 0.00493 
70°C/80%RH 0.8 0 0.00394 
3.2.5 Temperature and moisture dependent mechanical properties 
Temperature dependent Young' s moduli for the FM73 adhesive were extrapolated 
from the shear stress/strain data obtained using the KGR-1 extensometer by the 
manufacturer [152] and tests carried out by S. Millington at QinetiQ. The Young' s 
moduli for FM73 extrapolated from the manufacturer' s data are shown in figure 3-5 
and the stress/strain curves are presented in figure 3-6. 
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Figure 3-5. Temperature dependent Young's moduli for FM73 [152]. 
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Figure 3-6. Stress/strain curves for FM73 . 
The mechanical and failure properties of the CFRP at room temperature are taken 
from the literature [153] and the mechanical properties in the hot/wet conditions were 
determined by N. Grey at QinetiQ [147]. The hot/wet mechanical properties are 
shown in figure 3-7. 
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Table 3-8: Material properties for [M7/8552 unidirectional CFRP at 20°C [153]. 
Mechanical Poisson's Failure strength 
Properties ratio (MPa) 
(GPa) 
Ell 165 Ul2 0.30 Longitudinal tensile strength eX T) 2600 
E22 10.6 U21 0.021 Longitudinal compressive strength (Xc) 1500 
E33 10.6 U23 0.487 Transverse tensile strength (Y T) 60 
012 5.12 U32 0.487 Transverse compressive strength (Y c) 290 
013 5.12 UI3 0.3 Shear strength (S) 90 
032 3.92 U31 0.021 
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Figure 3-7. Moisture dependent material properties for IM7/8552 unidirectional CFRP at 
50°C and 70°C [147]. 
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3.3 Joint conditioning and testing 
Simple joints were aged in different conditioning environments and tested in order to 
characterise the initial and long term strength performance of bonded joints. The 
results from these tests were used to validate the lifetime prediction models capable of 
accurately predicting the initial and long term strength of bonded joints. All the joints 
were manufactured at QinetiQ and testing & conditioning were carried out by the 
research partners as detailed in table 3-9. Immediately before bonding, the CFRP 
substrates were degreased with acetone, grit blasted with 80/120 alumina grit and, 
finally, cleaned with acetone. The Aluminium substrates were degreased with 
acetone, etched in chromic/sulphuric acid (Process 0 of Defence Standard 03-2/3 
[154] at 60 to 65°C for 30 minutes), washed with running tap water and then 
deionised water, and dried in a pre-heated oven at 55°C. All surface preparation was 
carried out at QinetiQ. 
Table 3-9. Details of joint configurations and conditioning environments. 
Joint configuration Conditioning Researcher 
Environments 
CFRP/FM73 single lap 50°C/95%RH and F. Jumbo, Loughborough Un IV. 
joints 70°C/80%RH 
CFRP/AIIFM73 double 50°C/95%RH and Y. Hua, University of Surrey 
lap joints 70°C/80%RH 
All FM73 single lap joint 50°C/immersed in water, S. Millington, QinetiQ. 
loaded and unloaded. 
3.3.1 Conditioning and testing 
Conditioning and testing of the CFRP/FM73 single lap joints was carried out at 
Loughborough University. The joints were artificially aged III two hot/wet 
environments for 78 weeks in order to provide a controlled degradation process. Two 
seal able glass containers with lids were used, in addition to a Challenge C 160 
environmental chamber manufactured by Angelantoni Industrie Spa, Perugia, Italy, 
shown in figure 3-8. The humidity in the glass tanks was controlled using the 
saturated salt solutions listed in table 3-10. Temperature control was achieved but 
placing the chambers in an oven. 
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Table 3-10. Saturated salt solutions, temperature and relative humidity 
Salt Temperature Relative Humidity, %RH 
Potassium Chloride (KCI) 70°C ± 1 79.49±0.57 
Potassium Sulphate (K2S04 ) 50°C ± 1 95.8±0.45 
Figure 3-8. Challenge 160 environmental conditioning chamber. 
The saturated salt solutions were prepared by mIxmg sufficient salt quantities in 
beakers at the temperature required, until there was no further dissolution of salt in the 
mixture, which was in the form of sludge and none of the excess salt was exposed, as 
this led to a different relative humidity level. The solutions took some time to reach 
equilibrium after the chamber was closed and a significant problem with the saturated 
salt solution was encountered at 70°C, where the excess salt tended to crystallise and 
creep up the sides of the containing beakers via capillary action. The Challenge 160 
environmental chamber was thus used for accelerated ageing of the samples at 70°C. 
The problems with salts creeping out of the solution beakers was later solved by 
covering the beakers containing the salt solutions with Gore-Tex fabric, which allows 
water vapour to pass freely while preventing the salts from creeping out. A Digitron 
2080R hygrometer, as shown in figure 3-9, which is capable of measuring 0-100% 
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RH with an accuracy of 3% with an operating temperature range of 10-100oe, was 
used to monitor the temperature and humidity in the glass chambers. 
Figure 3-9. Digitron 2080R Hygrometer 
The joints were aged in the hygro-thermal environments for 78 weeks and three 
samples were withdrawn from each conditioning environment and tested to failure at 
room temperature according to the plan shown in table 3-11. 
Table 3-11. Joint testing schedule 
Time Ageing environment 
(weeks) 50oe , 95%RH 700 e , 80%RH 
0 3 samples 3 samples 
1 3 samples 3 samples 
2 3 samples 3 samples 
4 3 samples 3 samples 
12 3 samples 3 samples 
26 3 samples 3 samples 
78 3 samples 3 samples 
Quasi-static tests were conducted on each eFRP/FM73 SLJ sample using a constant 
displacement rate of Immlmin until failure on an Instron 1195 universal testing 
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machine, as shown in figure 3-10. A 100 kN load cell was used which was calibrated 
before use. 
Figure 3-10. Instron 1195 Universal testing machine for testing single lap joints. 
3.3.2 Joint testing results (CFRP/FM73 SLJ) 
The results from the quasi-static tests on the CFRP/FM73 single lap joints are shown 
in table 3-12. A progressive decrease in the failure load can be seen as the 
conditioning time increases, except at 78 weeks where some strength recovery is seen. 
Table 3-12. Failure loads of the CFRP/FM73 single lap joint specimens 
Ageing Time Number 80.1 % RH, 70Co 95.8% RH, 50Co 
(weeks) of repeats Mean Failure Standard Mean Failure Standard 
Load Deviation Load Deviation 
(kN) (kN) (kN) (kN) 
0 3 12.40 0.07 12.40 0.07 
1 3 12.27 0.65 11.35 0.27 
2 3 12.25 0.74 11.55 0.48 
4 3 12.24 0.80 10.99 0.22 
12 3 9.56 0.24 10.90 0.45 
26 3 9.22 0.08 10.11 0.66 
78 3 10.21 0.71 11.96 0.57 
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3.3.3 Failure surfaces 
The failure surfaces of the tested joints were examined and it was seen that the failure 
in the joints was mostly cohesive in the adhesive when dry and in the initial stages of 
the conditioning period. After 26 weeks, a progressive increase in delamination of 
some CFRP fibres , combined with cohesive failure in the adhesive was seen. The 
joints conditioned at 50°C/95%RH showed higher levels of CFRP delamination than 
the joints conditioned at 70°C/80%RH. Photographs of representative failure surfaces 
when dry, at 26 weeks and 78 weeks for each condition are shown in figure 3-11. 
Control 
01028/23 
(b) 
(c) (d) 
(e) (t) 
Figure 3-11. Typical failure surfaces showing (a) cohesive failure in the adhesive in the 
control sample, (b) conditioned at 50°C/95%RH for 1 week, (c) conditioned at 50°C/95%RH 
for 26 weeks and (d) conditioned at 50°C/95%RH 78 weeks, (e) conditioned at 70°C/80%RH 
for 26 weeks and (t) conditioned at 70°C/80%RH 78 weeks. 
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3.4 AlIFM73 SLJ and CFRP/Al/FM73 DLJ test results 
The test results from the failure tests on the AlIFM73 single lap joint and the 
CFRP/AlIFM73 double lap joint are presented here. The AlIFM73 SLJ tests were 
performed by S. Millington at QinetiQ and the CFRP/AlIFM73 DLJ tests were 
perfom1ed by Y. Hua at the University of Surrey. The test results are presented in 
table 3-13 and 3-14 for the single and double lap joints respectively. 
Table 3-13. AI/FM73 single lap joint test results 
Ageing Time Number of 50°C, water immersion and 50°C and water immersion 
(weeks) repeats under 800N load 
Failure Standard Failure Standard 
Load Deviation Load Deviation 
(kN) (kN) (kN) (kN) 
0 3 11.2 1.7 11.4 0.3 
1 3 8.9 0.2 9.4 0.6 
2 3 8.2 0.9 7.0 1.3 
4 3 7.4 1.3 8.0 1.2 
8 3 6.0 0.4 8.3 0.8 
26 3 5.7 1.4 7.4 1.5 
52 3 7.2 0.3 7.8 0.5 
Table 3-14. Double lap joint test results [155] 
Ageing Time Number of 80.1 % RH, 70°C 95.8% RH, 50°C 
(weeks) repeats Failure Standard Failure Standard 
Load Deviation Load Deviation 
(kN) (kN) (kN) (kN) 
0 3 23 .87 0.85 23.87 0.85 
1 3 21.73 0.34 22.17 0.23 
2 3 22.05 0.74 21.94 0.09 
4 3 21.82 1.24 21.06 0.93 
12 3 19.93 2.49 20.33 0.60 
26 3 21.62 0.83 21.75 0.60 
52 3 17.19 0.4 17.50 3.00 
The degraded results for the aluminium single lap joint tests were used in interfacial 
degradation studies by other researchers [148], and the results of the dry joints were 
used to validate the failure and damage prediction models presented in chapter 9 of 
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this thesis. The full range of results from the double lap joint tests were also used in 
the failure predictions in chapter 9. Progressive degradation of joint strength was seen 
for the aluminium single lap joints immersed in water at 50°C and under load until 8 
weeks. After 8 weeks, the loss in joint strength was much smaller and the joints 
retained about 55% of their strength for the rest of the conditioning period. For the 
unstressed joints immersed in water, a progressive degradation in joint strength was 
seen for the first 2 weeks. After 2 weeks, the joint strength was maintained at about 
60% of the initial joint strength for the rest of the conditioning period. In the initial 
stages, failure was primarily cohesive for most of the joints, and progressed to mostly 
interfacial failure at the later stages of the conditioning period. Images of the failure 
surfaces of the stressed aluminium single lap joints are presented in figure 3-12. 
(a) (b) 
(c) (d) 
(e) (t) 
Figure 3-12. Failure surfaces of the stressed aluminium SLJs after conditioning at 50°C/water 
immersion for (a) 1 week, (b) 2weeks, (c) 4 weeks, (d) 8 weeks, (e) 26 weeks, and (t) 52 
weeks. 
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The experimental results for the double lap joints show a progressive decrease in the 
joint strength as the conditioning period increases and no significant difference was 
seen in the failure loads of the two different environments. Representative failure 
surfaces after conditioning for 1 and 52 weeks at each condition are presented in 
figure 3-13, showing mainly cohesive failure in the adhesive with some CFRP 
delamination after 1 week, and predominantly interfacial failure at the adhesive-
aluminium interface after 52 weeks for each conditioning environment. 
(a) (b) 
(c) (d) 
Figure 3-13 . Failure surfaces of the DLJ after conditioning at 50°C/95%RH for (a) 1 week, 
(b) 52 weeks, and conditioned at 70°C/SO%RH for (c) 1 week, and (d) 52 weeks [155]. 
3.5 Summary 
This chapter has outlined the experimental methods and techniques used in the 
material property characterisation and presented the test data generated that was used 
for predictive modelling and validation. While most of the material properties 
required were generated in the joint project, some material properties were also 
obtained from literature sources. 
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The failure results of the single and double lap joints bonded with FM73 exposed to 
different hot/wet conditioning environments are shown, and the test results all show 
some degradation in bond strength relative to the control samples. However, there was 
some recovery in the joint strength of the CFRP/FM73 single lap joint at 78 weeks. 
In the next chapter, a summary of the finite element modelling methods used to 
predict the stresses in bonded joints arising from temperature changes, moisture 
diffusion and experimental loads is presented, in order to provide an insight into the 
challenges involved in modelling environmental degradation in bonded joints. 
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CHAPTER 4 
4 Finite Element Modelling Methods 
The purpose of this chapter is to review the finite element modelling methods used in 
this study and provide an insight into the considerations taken into account in finding 
a compromise between finite element model complexity and computational costs in 
the assessment of bonded joint durability. The finite element package MSC.Marc, 
which was used for all the modelling in this study is also discussed, with specific 
attention to some of its special features and element formulations used to facilitate the 
modelling of degradation and durability of bonded joints. These considerations and 
compromises are used in the specific analyses used in investigating joint durability 
and failure detailed in other chapters. 
4.1 Introduction 
Finite element analyses (FEA) have been shown to be useful in the analysis and 
design of adhesively bonded joints. Proper use of finite element analysis has been able 
to locate regions of stress concentration and high strain in the adhesive, which 
indicate possible sites for failure initiation. Adams et al [97, 156] and Crocombe [24] 
demonstrated how FEA could be used to investigate the effects of the spew fillet and 
non-linearity on the stresses in bonded joints. In conjunction with appropriate failure 
criteria, FEA can also be used to characterise the failure of bonded joints under 
different loading conditions, although the accuracy depends on the validity of the 
material models used for describing the deformation behaviour of the joint 
constituents. The small thickness of the adhesive layer compared to the other 
dimensions in bonded joints means it is difficult to create a mesh with a high enough 
mesh density in the critical areas of the adhesive bond-line without introducing 
excessive mesh distortion or a large number of elements. The computational demands 
of a model with such a large number of elements becomes even more of a concern 
when attempting non-linear and/or multi-physics finite element modelling or when 
progressive damage models are incorporated in the FEA [157, 158]. However, 
comparisons of two-dimensional (2D) and three dimensional (3D) FEA modelling of 
bonded joints have been made [159] and recent work has shown that 3-D effects can 
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become significant when thermal and hygro-thermal stresses in bonded joints are 
analysed [160, 161]. 
The majority of the published work on the finite element analysis of bonded joints is 
concerned with simple, coupon type test samples, however, when analysing stresses in 
an actual bonded structure, such as an aircraft wing or automobile chassis, the need to 
simplify the representation of the adhesive joint becomes even more necessary. For 
larger structures with bonded joints, a sub-modelling approach and hybrid FEA-
analytical approaches have been proposed to reduce the computational requirements 
[162]. There is, however, a need to determine the most efficient means of modelling 
bonded joints using FEA. This can be achieved by the use of justified simplifications 
to the model whilst retaining sufficient accuracy. 
4.2 Development of finite element models 
Efficient finite element models are a compromise between accurate representation of 
the component and available computational resources. Several factors are considered 
and simplifications based on the shape, size, symmetry and boundary conditions are 
often made. Other considerations are geometric and material non-linearities and the 
types of loading involved. Adhesive joint configurations are usually represented by 
two-dimensional (2D) models, with the width ignored because of symmetry rather 
than using three dimensional (3D) models, in order to reduce computational times. 
The 2D models used in most bonded joints are plane stress (PS), plane strain (PE) and 
generalised plane strain (GPE). Plane stress models are suitable for thin components 
or modelling edge effects while plane strain models are considered suitable for thick 
or constrained parts. Generalised plane strain models are similar to plane strain 
models but allow for Poisson' s ratio contractions. 
4.3 Physical models 
It is crucial to consider the physical situation being modelled first. The specimen 
configurations used in this study are detailed in the following sections. Several 
general factors were considered: 
• The joint or bimaterial strip itself 
• The method of loading 
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• The nature of restraints 
4.3.1 Bimaterial strips 
Bimaterial strip systems were used to study the effect of thermal residual stress 
because of their simplicity because thermal residual stresses can easily be studied 
from measurement of their curvature. Two bimaterial strip systems were considered. 
The first system consisted of an AISI 312 steel adherend and FM300-2M [163] 
adhesive. The second bimaterial system consisted of an 1060-H12 aluminium 
adherend and FM73 [152] adhesive. Their dimensions and deflected shapes are 
summarised in table 4-1. J is the maximum deflection of the strip. 
Table 4-1. Configurations and dimensions of bimaterial strips investigated 
FM300-2/AISI 312 steel bimaterial strip. 
FM73/1060-H12 aluminium bimaterial strip. 
Dimensions (mm) 
Adhesive thickness: 0.26 
Adherend thickness: 0.13 
Strip length: J 80 
Strip width: J 2 
Adhesive thickness: 0 .32 
Adherend tltickness: 0 .10 
Strip length: 120 
Strip width: 24 
Previous work on modelling bimaterial strips show that simplifications to the model 
can be made by assuming that the strips are defect free and perfectly bonded with 
uniform thickness in the adhesive layer [35 , 164]. 
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4.3.2 Lap joints 
The lap joints used in this project and their dimensions are summarised in table 4-2. 
For the single lap joints, the adhesive bond line was assumed to be defect free and 
perfect. This is acceptable because the defects in the adhesive in the joints can be 
assumed to be the same as in the samples used to generate the mechanical properties. 
The size of the spew fillets was an average derived from physical examination of the 
lap joints themselves, however, any three dimensional variations were ignored. 
Table 4-2. Lap joint configurations and dimensions. 
a) FM73/7075-T6 Aluminium SLJ Dimensions (mm) 
Bond-line thickness: 0.2 
Adherend thjckness: 3.125 
7075fT6 Aluminium l I AI Adherend length: 100 
AI I 1 7075fT6 Aluminium Overlap length: 12.5 
Specimen width: 25 
b) FM73/IM7-8552 SLJ Dimensions (mm) 
Bond-line truckness: 0.2 
IM7/8552 Uni l I CFRP Adherend thickness: 2.06 Adherend length: 100 
CFRP I I IM7/8552 Uni Overlap: 12.5 
Specimen width: 25 
c) FM73/IM7-8552/ 7075-T6 Aluminium Dimensions (mm) 
Bond-line thickness: 0.19 
j 7075/T6 Aluminium CFRP thickness: 4.2 Aluminium thickness: 2.00 
IM7/8552 Uni 1 I Adherend length: 100 
1 7075fT6 Aluminium Overlap length: 12.5 Specimen width: 25 
d) FM73/7075-T6 Aluminium DLJ Dimensions (mm) 
Bond-line thickness: 0.13 j 7075fT6 Aluminium Aluminium thickness: 3.00 
7075fT6 Aluminium ~ 17075fT6 Adherend length: 150 
1 7075fT6 Aluminium Overlap: 25mm. Specimen width: 25 
e) FM73/EN16T steel Dimensions (mm) 
Bond-line thickness: 0.05 j Steel Steel thickness: 4.9 
Steel ~ I Steel Adherend length: 150 
1 Steel Overlap: 25mm. Specimen Width: 18.4 
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2D and 3D FEA analyses were carried out on the steel and aluminium double lap 
joints to study the effect of overlap offsets and non-uniform fillet sizes on stress and 
strain prediction. However, in all the joints considered, the variations through the 
thickness of the size of the spew fillets were ignored as well as the spew fillets along 
the length of the overlap as shown in figure 4-1. 
Ca) Cb) 
Figure 4-1. Pictures of CFRP single lap joint showing real fillet shapes at Ca) end of overlap 
and Cb) along the overlap length. 
4.4 Symmetry and boundary conditions 
The size of a finite element model can be reduced significantly using symmetry in the 
body being analysed and the natural symmetry found in the bimaterial strips and laps 
joints. Symmetry can only be considered for use in FEA models if the loading, 
original and deflected shapes are symmetrical and for the bimaterial strips, planes of 
symmetry exist on both transverse axes. This is exploited for 2D models as shown in 
figure 4-2, resulting in a model half the size of the original geometry and a quarter of 
the original size for 3D models. For single lap joints, symmetry can be exploited 
especially in 3D analysis to reduce the size of the model by half and in some cases 
rotational symmetry can be applied in 2D models. However, for double lap joints 
without offsets and irregular fillets , half symmetry was employed in 2D models and 
quarter symmetry in 3D models. 
The boundary conditions used in the analyses depend greatly on the type of analysis 
concerned and poorly constrained models can lead to inaccurate results. Great care 
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was taken to apply representative boundary conditions especially when thermal, 
hygro-thermal or multi-physics analyses were carried out. 
Line of 
~Symmetry 
ri-----L----------t.L 
(a) 
Ux 0 
I ~{)y 0 
0 I {)z 
6 It I 
(b) 
x 
, y 
le 
X 
Figure 4-2. Longitudinal symmetry used to simplify the bimaterial strip model. 
4.4.1 Thermal stress analysis 
The boundary conditions used in thermal stress analyses were carefully chosen to 
allow for free expansion and contraction, particularly in modelling bimaterial strips 
and single lap joints. Different end boundary conditions were investigated, based on 
the work of Apalak and Gunes [25] , in which the SLJ was subjected to a negative 
change in temperature, as shown in figure 4-3. The deformed shapes are shown in 
figure 4-4. From the deformed shapes, it is clear that for modelling thermal residual 
stresses in single lap joints, incorrect boundary conditions can lead to significant 
changes in deformation and hence stress. This however, is not so critical for double 
lap joints. However, the deformed shape should always be examined in modelling 
thermal stress and not just the stress and strain results. 
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I~------~--~------~~ 
~ 
I~------~--~--------~ 
L--____ -----'I~ 
Figure 4-3. Boundary conditions for the SLJ: (a) left edge of upper adherend fixed and the 
right end of the lower adherend free only in the x-direction, (b) one corner of each adherend 
fixed, (c) both ends of the SLJ fixed and (d) left edge of upper adherend fixed and the right 
end ofthe lower adherend free only in the y-direction, 
(a) 
(b) 
(c) 
(d) 
Figure 4-4. Deformed geometries for the four end conditions in figure 4-3. 
The change in temperature required for thermal stress analysis is implemented by the 
specification of a thermal state variable or nodal temperature as the initial condition 
and the required temperature as a boundary condition. For the analysis of thermal 
residual stresses resulting from cooling down from the cure temperature, an initial 
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condition equal to the stress free or curing temperature was specified (120°C for 
FM?3 and FM300-2M [152, 163]) and a uniform temperature change to room 
temperature (20°C). The uniform temperature change was applied because it is 
representative of oven cooling used in the manufacture of the joints, and removes the 
need for a coupled thermal analysis 
4.4.2 Diffusion analysis 
The boundary conditions for modelling time dependent diffusion were implemented 
in the FE models by following the analogy between thermal and moisture diffusion. 
Temperature dependent moisture diffusion was achieved by including temperature 
dependent moisture properties. The analogy is illustrated in table 4-3 
Table 4-3 . Analogy between Fickian moisture diffusion and heat transfer 
Properties Moisture diffusion Heat Transfer 
Normalised Moisture 
Field variable 
concentration C / Csat 
Temperature 
Density 1 Density 
Conductivity D x Csat Conductivity 
Specific Heat Csat Specific Heat 
Where Csat is the saturated moisture concentration, and D is the diffusion coefficient. 
In the joints with metal adherends, moisture diffusion through the adherends was 
assumed to be negligible, while in joints with composite adherends, diffusion through 
the adherends was accounted for. Moisture concentration was applied to the exposed 
edges of the joint constituents that allowed moisture diffusion in FE models as shown 
in figure 4-5 . 
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7075/T6 Aluminium ~/ AI 
'/ / , 
/ ~ 
AI // 7075/T6 Aluminium 
(a) 
I I I I I 
(b) 
Figure 4-5. Application of moisture concentration in (a) AIIFM73 SLJ and (b) CFRP/FM73 
SLJ for 2D FEA models. 
4.4.3 Mechanical analysis 
The joints used in this study were subjected to tensile loads in quasi-static conditions 
and the boundary conditions were applied to mimic the tensile loading conditions on 
the lap joints while secured in non-rotating clamps. The load was applied along the x-
axis as a distributed load acting away from the end tab end. Another method used was 
the application of displacements to the nodes in the end tab area to simulate the effect 
of a non-rotating clamp under displacement control. For 2D models, these nodes were 
constrained against movement perpendicular to the load and rotation around the z-
axis. In 3D models, boundary conditions were applied to prevent rotations in the x, y 
and z-axes. The boundary conditions for a 2D model are illustrated in figure 4-6 
p 
-
Figure 4-6. Two-dimensional (2D) boundary conditions for quasi-static loading of a single lap 
joint. 
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4.5 Pre-processing, analysis and post processing 
The commercial finite element package MSC.Marc was used for all the finite element 
modelling. The MSC.Marc system contains a series of integrated programs that 
facilitate analysis of engineering problems. The system consists of the following 
programs: 
• MSC.Marc for analysis or processing 
• MSC.Marc Mentat or MSC.Patran for pre and post processing via a graphical 
user interface (GUI). 
These programs work collectively and the interrelationships among these programs 
are shown in figure 4-7 
Pre Processing 
Analysis 
Post Processing 
MSC.MARC 
MSC.Marc 
Mentat 
MSC.Marc 
Mentat 
MSC.Marc 
MSC.AFEA 
MSC.Patran 
MSC.Patran 
Figure 4-7 . The MSC.Marc System 
MSC.Marc Mentat is a pre and post processor that can produce two and three 
dimensional meshes as well as generate contours, deformed shapes, variable plots and 
time history plots. MSC.Marc can perform linear and non-linear stress analysis in 
static and dynamic regimes, heat transfer analysis and multi-physics analysis. The 
non-linearities may be due to material behaviour, large deformation or boundary 
conditions. The choice of material model used is based on the type of analysis carried 
out and also influences the results. 
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4.6 Element choice and meshing 
Accurate results from the finite element method depend on the choice of element, the 
number of elements used and where the nodes are located. After creating the 
geometry within the pre-processor, an FE mesh was applied to it. Several factors were 
considered when meshing the models created in this work, such as element type, mesh 
density, geometric and material non-linearity. The choice of elements is crucial to not 
only the stress/strain results obtained from an analysis, but the deformed shape as 
well. 
4.6.1 Element Choice 
MSC.Marc has an extensive element library with conventional and sophisticated 
elements. The sophisticated elements enable problems to be solved with fewer 
elements when compared to solutions with conventional elements. The element 
library consists of plane stress, plane strain, axisymmetric, plate, beam, shell and 
three-dimensional solid elements. Special elements include interface, composite 
continuum, gap, friction and multi-physics elements [165]. 
In this work, plane stress, plane strain, generalised plane strain, shell, composite 
continuum and 3D solid elements have been used extensively to simulate thermal 
stress, diffusion, hygroscopic stress and hygrothermal stress. Cohesive zone failure 
analysis has been modelled using interface elements and the CFRP adherends have 
been modelled using layered composite elements for greater accuracy at low 
computational cost. 
For most of the higher order elements employed, a reduced integration scheme has 
been used to reduce computational cost. This can also improve accuracy because this 
integration scheme does not result in overestimation of element stiffness. An assumed 
strain interpolation scheme has also been used with lower order elements as this 
improves the bending characteristics of lower order elements and enables the capture 
of pure bending using a single element through the thickness. 
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4.6.2 Mesh refinement 
Bonded joint geometries are usually difficult to mesh, mainly because the adhesive 
layer thickness is small compared to other dimensions of the joint and the existence of 
stress concentrations in the adhesive layer. To achieve adequate accuracy, a high 
degree of mesh refinement is required in the areas of high stress gradient and a 
transition to a coarser mesh is required to avoid excessive computational 
requirements. Another problem usually encountered with bonded joint geometry is the 
effect of theoretical stress singularities at sharp corners. 
For the reasons stated above, a series of models of an aluminium single lap joint 
simulating cool down from cure and the subsequent application of a 2.5 kN load were 
analysed examining different mesh densities, element type and element formulation in 
order to reduce numerical errors and determine the best compromise between solution 
times and accuracy. The models used in the mesh convergence study are presented in 
table 4-4. The coarser mesh consists of232 quadrilateral elements and the finest 3312 
elements of the same type, as shown in figure 4-8. Elements of linear and quadratic 
displacement with full or reduced integration were examined. The assumed strain 
formulation of MSC.Marc was also used with the linear elements. This formulation 
results in improved accuracy for pure bending behaviour. The quadratic elements 
incorporate the reduced integration scheme. 
I I I~IIIII I III~I II 
Ca) 
y 
.. 
J.z-,..x 
Cb) 
y 
• ~x 
Figure 4-8. Finite element meshes of the overlap region for models used in the mesh 
convergence study (a) model 1 and (b) model 5 
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Table 4-4. Details of fin ite element models used in the mesh convergence study. 
Element Element No of Solution 
Type Formulation Elements Time (s) 
Model 1 2D, 4 node Full integration 232 5 
Model 1 (AS) 2D, 4 node Full integration & 232 5 
assumed strain 
Model 2 2D, 4 node Full integration 928 11 
Model 2 (AS) 2D, 4 node Full integration & 928 14 
assumed strain 
Model 3 2D, 8 node Reduced 232 7 
Integration 
Model 4 2D, 8 node Reduced 928 21 
Integration 
Model 5 (AS) 2D, 4 node Full integration & 3312 41 
assumed strain 
The effect of element choice and model size on plotted curves of longitudinal stress 
within the adhesive layer are shown in figure 4-9a and figure 4-9b. The mesh of 928 
quadratic elements (model 4) provides a reasonably converged solution with the least 
computational cost, especially when the stresses close to the region of the singularity 
are examined (about 1mm from the edge). The smoothness of the curve is also 
comparable to that produced by the very fine mesh. It is also interesting to note the 
performance of the linear elements with assumed strain formulation as their accuracy 
is very close to the quadratic elements. 
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--Model 1 
---- Model 1 (AS) 
-fr- Model 2 
- Model 2 (AS) 
2 4 6 8 10 12 14 
overlap length, mm 
(a) 
- Model 2 (AS) 
-e- Model 3 
-fr- Model 4 
- Model 5 (AS) 
2 4 6 8 10 12 14 
overlap length, mm 
(b) 
Figure 4-9. Comparison of predicted longitudinal stress in the middle of the adhesive for (a) 
linear element models and (b) linear and quadratic elements showing the effect of element 
size and type on FEA predicted stresses 
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4.6.3 Structural zooming 
In cases where high resolution of stresses and strains were required in 3D models over 
a small area, the structural zooming function [138] in MSC.Marc was used to achieve 
better and more efficient evaluation of the local gradients. This was realised by 
creating a local model of the area of interest from a global model and applying the 
existing loads and boundary conditions to the local model, along with properly 
defined kinematic conditions to the local boundaries connecting to the global model. 
A typical structural zooming analysis contains two steps: 
1. Global run to obtain a post file containing global results. 
2. Local run to define kinematic boundary conditions in the local model and to 
obtain refined results in the local model. 
This procedure can be repeated as many times as desired and any local analysis can be 
the global analysis of the next level of refinement. 
A series of 3D structural zooming analyses were performed on the fillet area of a 
CFRP/AL double lap joint under 5 kN tensile load using linear elements with 
assumed strain formulation. The 1 st local refinement was used as the global model for 
the 2nd local model. The details of the model sizes used are shown in table 4-5 and the 
comparison of strain predictions are shown in figure 4-10. A further comparison of 
contour plots of the global model and 2nd local refinement are shown in figure 4-11. 
Table 4-5 . Details of models used in structural zooming analysis. 
Model No of No of nodes Element volume Solution time 
Elements (mm3) (s) 
Global 26696 31671 6.95xl0-3 405 
1st Local 23936 26843 8.74 x l0--4 537 
refmement 
2nd Local 27264 30745 5.23 x l0-5 526 
refinement 
Comparison of the strain results show that the maximum strain from the 2nd local 
model is about 68% higher than the global model for &xx' 45% higher for &yy and 
233% higher for &zz . Comparison of figure 4-11(a) and figure 4-11(b) illustrates the 
effect of structural zooming on the representation of stress close to the stress 
concentration. 
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Figure 4-10. Comparison of predicted strains in the fillet area of the CFRPI AL DLJ from 
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Figure 4-11. Longitudinal strain contour plots from (a) global model and (b) 2nd local 
refinement, showing the effect of refinement using structural zooming. 
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4.7 Offsets and other geometric considerations 
As previously stated, meshing of bonded joint models is complicated by the small 
thickness of the adhesive layer compared with the other dimensions of the joint. It is 
usual practice, therefore to simplify the model in order to reduce the computational 
demands. Some of the main simplifications used in modelling bonded joints are 
investigated in this work using the steel and aluminium double lap joints loaded in 
quasi-static conditions. The longitudinal strains at the edge of the adherends are used 
to illustrate the effect of these simplifications in this chapter. These results are also 
compared with the data from moire and neutron diffraction experiments in chapter 7. 
It should be noted that the various simplifications might have a different effect if 
alternative positions in the joints or different strain components are used as the basis 
of comparison. Eight noded reduced integration quadratic elements were used in the 
2D models (element 53 for plane stress and element 54 for plane strain) and eight 
noded iso-parametric brick elements (element 7) with assumed strain formulation 
were used in the 3 D modelling. 
One of the most efficient ways of simplifying the model is to use a 2D representation 
and this is illustrated in figure 4-12. In these models, the simplified geometry shown 
in figure 4-12 was used. Note that in this case symmetry in the XZ plane was used to 
halve the 2D model size for the idealised geometry shown in figure 4-12(a) and 
symmetry in the XZ and XY was used to quarter the size of the 3D model shown in 
figure 4-12(b). Intuitively it may be supposed that the plane stress approximation 
would provide a reasonable approximation of the strains at the edges of the joint 
whereas the plane strain would provide a better approximation of the strains in the 
middle of the joint. 
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(a) 
(b) 
y , 
~ ..... x 
Figure 4-12. Finite element meshes of the idealised geometry in overlap region for (a) 2D 
model and (b) 3D model. 
Figure 4-13 shows that the strains in the middle of the joint tend to be lower than the 
strains at the edges of the joint. It can also be seen that the plane stress approximation 
appears to be closer to the 3D results than the plane strain approximation. Similar 
trends were seen with the steel DL1. The next source of simplification considered was 
geometric and material linearity. However, because of the symmetrical nature of the 
joint and the loads applied, there was no discernible difference between the linear 
models and those employing geometric and material non-linearity. 
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Figure 4-13. Longitudinal strains in centre of (a) middle adherend and (b) upper adherend in 
aluminium DU with a load of 10 kN. Comparison of20 and 3D FEA models. 
Another source of simplification is to employ symmetry to reduce the size of the 
model. In reality, however, the manufacturing process results in a certain degree of 
asymmetry and this was investigated by comparing models with the idealised 
geometry of figure 4-12 with the more realistic geometry shown in figure 4-14. The 
geometry in figure 4-14 includes the adherend offset and fillets observed in the actual 
specimens and this was used for the 2D and 3D models. For the realistic joint 
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geometry, the joint constituents were treated as glued contact bodies to eliminate the 
use of a free mesh. 
y 
Lx 
(a) 
(b) 
Figure 4-14. Finite element meshes in overlap region of geometry with adherend offset and 
fillets. (a) 2D model and (b) 3D model 
It can be seen in figure 4-15 that the added geometrical detail makes only a small 
difference to the predicted longitudinal strains in the adherends; however, larger 
differences might be expected if the strains in the adhesive layer were investigated. 
Similar trends were seen with the steel joints. Load eccentricity was also investigated, 
by considering typical loads and maximum offsets, as experimental values were not 
available. This has a potentially significant effect, however, as the predicted effects of 
load eccentricity were not seen in the experimental results it was not a significant 
factor in this case. 
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Figure 4-15. Longitudinal strains in centre of (a) middle adherend and (b) outer adherends in 
steel DU with a load of9.2 kN showing the effect of fillet and adherend offset in FEA 
predictions. 
The final simplification considered was whether to include the residual strains from 
differential thermal and hygroscopic expansion in the joints in the FEA. This was 
deemed worthy of investigation considering that the adhesive was cured at 120°C and 
the experimental measurements were made at 20-25°C. The results for both 
aluminium and steel joints can be seen in figure 4-16 and it is clear that in these joints 
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with similar adherends, the residual strains are secondary to those arising from the 
mechanical load. However, this may not be the case for the CFRP/AIIFM73 double 
lap joint which has dissimilar adherends. 
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4.8 Pre-state analysis 
It was necessary to analyse the process of degradation in bonded joints in several 
stages as each stage involves different boundary conditions, but history data such as 
temperature, displacement, stress and strain have to be carried over from one stage to 
another. The pre-state [62] option in MSC.Marc is designed to read the data from a 
post file and use the data as initial conditions in the new analysis. It is also possible to 
start a numerical solution as a 2D axisymmetric or plane strain problem, and switch to 
a full 3D analysis in subsequent stages. Since the pre-state option can only transfer 
history data from the results file as the initial conditions in the new model, it was 
necessary to reapply boundary and load conditions, as well as material properties. 
In this way, it was possible to transfer information, including stress, strain, 
temperature, displacements etc, from a previous analysis into a model for a new 
analysis, without the use of complicated and time consuming user subroutines. An 
example where this option was used was the simulation of degradation or thermal 
cycling at a particular set of boundary conditions (e.g. accelerated ageing at high 
temperature and relative humidity) before non-linear, coupled or failure analysis with 
different boundary conditions was performed. This method was also used to study the 
effect of moisture ingress on the thermal residual stress in several joints and this is 
discussed in detail in chapters 6 and 8. 
4.9 Non-linear analysis 
Non-linearities were considered in the analysis of bonded joint because of the non-
linear nature of the adhesive. There are three sources of non-linearity considered in 
modelling degradation of adhesively bonded structures: material, geometric, and non-
linear boundary conditions. The effects of these non-linearities were investigated and 
their relevance to the accuracy of each aspect of modelling the degradation of bonded 
joints is discussed later in this work. 
4.9.1 Material non-linearity 
Material non-linearity incorporated into the modelling of degradation of bonded joint 
includes the temperature, moisture and time dependence of thermal and mechanical 
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properties of the adhesive. These were accomplished using the table driven input 
procedure of MSC.Marc, in which all physical data can reference a table or function. 
During the analysis, the table is evaluated based upon the current value of the 
independent variables and multiplied with the reference value and tables can have as 
much as four independent variables. An example is the stress/strain data for several 
temperatures described by a table with two independent variables, temperature and 
true plastic strain, with true stress as the dependent variable. Table 4-6 shows a subset 
of material properties which were used as a function of temperature for different types 
of analysis in this work. 
Table 4-6. Temperature dependent material properties 
Analysis type Material Properties. 
Stress Analysis Modulus of elasticity (Young's modulus) 
Poisson's ratio 
Yield stress 
Coefficient of thermal expansion 
Work hardening slope 
4.9.2 Geometric non-linearity 
E(T) 
u(T) 
Gy(T) 
aCT) 
heT) 
Geometric non-linearity can lead to a change in structural behaviour or loss of 
structural stability. Large displacement, small strain was encountered in the analysis 
ofbimaterial strips and also in the single lap joints, because of rotations of the overlap 
area. There are two procedures for the solution of large displacement analyses, the 
total and updated Lagrangian formulation and each influences the choice of element 
technology and subsequent results. The total Lagrangian procedure is based on the 
initial element geometry while the updated Lagrangian procedure calculates a 
geometric stiffness matrix and initial stress stiffness matrix based on the current 
deformed shape. The updated Lagrangian procedure was used to accurately predict 
the deformed shape ofbimaterial strips and single lap joints. 
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4.9.3 Non-linear loading 
It is well known that when a structure is deformed, the direction and the areas of the 
load bearing surface change. For some of the failure analyses undertaken, this effect 
was not ignored as accurate predictions of the failure path were necessary. The 
follower force parameter in MSC.Marc forms both pressure stiffness and pressure 
terms based on the current deformed geometry at anytime during the analysis. This 
parameter can only be implemented when considering geometric non-linearity and 
with the updated Lagrangian method. 
4.10 Parallel processing 
The parallel processing features of MSC.Marc were used in this project for very large 
non-linear 3D models in order to improve the efficiency of some of the modelling 
work. Parallel processing in MSC.Marc is achieved using the domain decomposition 
method (DDM) [62] which has the ability to subdivide a model into domains and each 
domain is submitted to a separate processor for parallel processing. This was possible 
because a multi-processor machine with shared memory architecture was used in this 
project. However, the way the model is decomposed into domains, generally affects 
the performance of the parallel run and poorly defined domains can lead to more 
computational costs than using a single processor. Although several methods of 
domain decomposition exist within the MSC.Marc system, manual decomposition 
was used to ensure that the number of inter-domain nodes was optimised and 
minimised. Optimising the number of inter-domain nodes reduces the overhead in 
duplication of nodes in each domain. 
4.11 Summary 
This chapter has described some of the methods, techniques and considerations used 
in the finite element modelling in this work. The effects of some of the major 
simplifications considered in modelling bonded joints have been described and their 
significance to the accuracy of the predictions illustrated. These methods were used 
for the prediction of degradation of bonded joints and the validation based on 
experimental studies detailed later in this work. Some of the special features of the 
analysis package employed have also been discussed and how the competent use of 
these features can contribute to greater efficiency in modelling work. 
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In the next chapter, the finite element methods and techniques presented in this 
chapter are employed in the modelling of thermal residual stresses in bimaterial strips 
and the bonded joints used in this study. The thermal residual stress models are 
validated using experimental curvature of bimaterial strips and neutron diffraction 
measurements of thermal residual strain in bonded joints. 
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CHAPTERS 
5 Thermal Residual Stress Modelling in Bonded Joints 
In this chapter, finite element analysis and continuum mechanics techniques have been 
employed to model the thermal residual stress distribution in bonded joints and the 
suitability of using 2D analysis methods is investigated. The methods are first 
employed to investigate stresses in epoxy-metal bimaterial strips of different sizes. This 
configuration was chosen because the measurement of curvature in such beams provides 
experimental validation of the modelling methods. FEA predictions of thermal stress in 
single and double lap joints are also presented. 
5.1 Introduction 
The different mechanical and thermal properties of the constituents of adhesive joints 
results in thermal residual stresses when the joint cools from the cure temperature. 
These stresses add to the stresses arising from externally applied loads and can cause 
premature failure of the adhesive bonds. To efficiently design an adhesive joint, a quick 
and precise method for the estimation of the stress and deformation states for various 
boundary conditions is necessary. 
The effects of thermal residual stresses on crack growth behaviour in adhesive joints 
have been previously studied [111, 166] and residual stresses have been shown to have a 
negative effect on the fracture properties of an adhesive [26, 167]. The factors that will 
influence the extent of the residual stresses include; volume changes during curing, 
material properties of the joint system, geometry of the constraining fixture and 
dimensional changes due to thermal contraction or expansion [111, 168-170]. Residual 
stresses also play a critical role in premature failure in conjunction with fatigue, creep, 
wear and stress enhanced degradation. 
From an engmeenng viewpoint, quick optimisation of adhesive joint strength is 
desirable and analytical, numerical and experimental methods have been used to 
investigate the thermal residual stresses in adhesive joints. FEA is frequently used to 
study the thermo-mechanical behaviour of bonded joints and most researchers employ 
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2D rather than 3D FEA models because the 2D models are computationally efficient. 
However, studies [160, 161] have shown that the results from 2D models can be 
misleading, especially for thermal loading conditions. A number of experimental 
approaches have also been used to characterise thermal stresses including; 
• photo-elastic techniques which are limited to transparent materials, 
• neutron diffraction which can measure internal strains but suffers from limits on 
spatial resolution and beam time limits, 
• moire interferometry and strain gauge techniques which are used to measure 
surface strains [1 71 ], 
• X-ray diffraction methods which can be used to estimate near surface stresses 
• optical Fibre Bragg Grating (FBG) sensors [172] embedded in epoxy blocks. 
The curvature in bimaterial samples is commonly used as a simple measure of residual 
stress [173-176], however, the experimentally measured deflection has to be analysed in 
order to calculate the stresses. 
In this work analytical and numerical methods are used to investigate thermal residual 
stress in the bimaterial strips described in chapter 4. The analytical methods used 
include the theories of Oel and Frechette [174] and Timoshenko [177]. Three different 
geometric approximations were investigated for the 2D analyses, namely, plane strain 
(PE), plane stress (PS) & generalised plane strain (GPE). The plane stress 
approximation assumes that the stresses induced are In the x-y plane and that z-
component stresses are not significant, thus ignoring the Poisson's ratio effect. The 
plane strain approximation assumes that there is no strain in the z-direction, since it can 
be argued that the overlap width is relatively high compared to the thickness, and thus 
predicts very high tensile stresses in the z-direction. The generalised plane strain 
approximation is able to relieve some of the out of plane constraint imposed by the 
plane strain model because it allows uniform straining out-of-plane through the use of 
an additional degree of freedom. This approximation however, does not produce any 
transverse shear strains. The predictions with the 2D approximations were compared 
with results from full 3D FEA in order to consider the effects of out-of-plane bending 
deformations induced by thermal expansion mismatch and an investigation was 
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undertaken to determine the most accurate and efficient prediction of the three-
dimensional thermal residual stresses by the use of2D models. 
The effects of geometric non-linearity were also investigated and creep and temperature 
dependent material properties were incorporated into the models. After application to 
the bimaterial samples, the FE models were applied to single and double lap joints. In 
these joints, the geometry of the overlap area differs from the typical geometry of the 
bimaterial strips which correspond to L» W »T while the lap joints corresponds to 
W > L »T where L, Wand T are respectively the length, width and thickness of the 
overlap area. 
5.2 Material Properties 
5.2.1 Temperature dependent material properties 
The material properties for the adherends are shown in table 5-1 and the temperature 
dependent material properties for the adhesives are shown in figures 5-1(a) and 5-1(b). 
The modulus of elasticity data is from the manufacturer's datasheets [152, 163], the 
coefficient of thermal expansion for FM300-2M was obtained from the work done by 
Yu et al[178, 179] and the coefficient of thermal expansion for FM73 obtained from 
adhesive characterisation work done by QinetiQ [147]. The Poisson's ratio for FM300-
2M and FM73 are 0.38 and 0.4 respectively. The coefficient of thermal expansion for 
FM300-2M is notably linear over the specified temperature range in contrast with the 
CTE for FM73. This is because it is an average value obtained by measuring the 
expansion of a 41mm x 8mm cured film of adhesive as it was heated between 20 and 
100°C. 
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Figure 5-1 . Temperature dependent material properties for FM300-2M and FM73 . (a)Young' s 
modulus and (b) coefficient of thermal expansion (a). 
Table 5-1. Material properties for substrates [150, 180). 
Property AI SI 302 1060-H12 Steel Aluminium 
Elastic Modulus, [OPa] 200 72.4 
Poisson' s ratio 0.3 0.33 
Coefficient of thermal expansion, [OC- I ] 17.2 x 10-5 2.25 X 10.5 
110 
Chapter 5: Thermal Residual Stress Modell ing in Bonded Joints 
5.2.2 Creep Properties 
The effect of creep on the epoxy adhesives in each bimaterial strip at steady state after 
cooling down from cure was investigated using the creep analysis procedure in 
MSC.Marc using the following creep power law 
~er A "t nl & = (j (5-1) 
Where -eel" is the equivalent creep strain rate, (j is the equivalent stress, t is time and 
A, n, & m are creep constants derived from experiments. Integrating equation 5-1 
leads to: 
(5-2) 
Where "&cr is the equivalent creep strain. The creep constants used at room temperature 
are shown in table 5-2 and are derived from the work done by Althof [181] on creep of 
FM73 and from characterisation work done by AI-Ghamdi [77] on FM300-2M 
adhesive. 
Table 5-2. Creep constants for FM73 and FM300-2M 
Adhesive T (OC) Creep coefficient (A) Stress exponent Time exponent 
{n} {m} 
FM300-2M 20 1.096x 1 0-5 1.1077 -0.9857 
FM73 20 1.63 x 10-22 12.16 -0.6650 
5.3 Bimaterial strip analysis 
5.3.1 Oel and Frechette theory [174] 
According to this work, the thermal strain at a point separated by a distance x from the 
interface in layer i is given by: 
n. -x 
s. =-'- -, 
ra 
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where ni is the distance separating the neutral surface in layer i from the material 
interface and is given by: 
where suffix 1 and 2 refer to the two materials of the bimaterial strip and: 
s= E;d; 
I I-v 
I 
where di is the thickness, Vi is the poison's ratio. 
At the interface: 
(5-4) 
(5-5) 
(5-6) 
(5-7) 
where 8j is the thermal strain, r is the radius of curvature, Uj is the coefficient of thermal 
expansion and !1 T is the change in temperature. 
From equations (5-3) to (5-7), it is possible to predict the radius of curvature of the 
bimaterial strip at any temperature if the elastic and thermal properties of the two 
materials are known. Alternatively, the coefficient of thermal expansion of one of the 
materials can be calculated if the radius of curvature is known, together with the 
coefficient of thermal expansion of the other material and the elastic properties of both. 
After this it is a simple matter to calculate the variation in longitudinal stress and strain 
through the bimaterial strip and also the maximum deflection of the strip. 
5.3.2 Timoshenko beam and plate theories 
Another method of calculating the strip deflection is the Timoshenko cantilever beam 
solution for bimaterial thermostats [177] where two material layers with thicknesses (t1 
& t2) which have different thermal expansion coefficients (al & a 2 ) and different elastic 
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moduli E\ & E2 undergo a temperature change of I'1T that generates an internal bending 
moment in the strip. The radius of curvature of the strip, assuming that the width of the 
strip is very small is given by: 
(5-8) 
Where 1\ and 12 are the moments of inertia per unit width. 
The maximum deflection of the strip is given by; 
8 = 3( a 2 - a\) x I'1T X (t\ + (2 )L2 
4t22 [ 4+6(;}4(;:)' + (;:)(;J +( ~ t:) 1 (5-9) 
where b is the deflection of the strip and L is the length of the bimaterial strip. However, 
the bimaterial strips used in this study can be considered as plate geometries due to their 
high width-to-thickness ratios, as shown in table 5-3 and this means that the internal 
bending moment per unit length generated due to the change in temperature is of the 
same magnitude in the longitudinal and transverse directions and there is curvature of 
the neutral axes in each direction. Equations (5-8) and (5-9) can be converted to apply to 
plate geometries by replacing E\ & E2 with their respective bi-axial moduli, 
Table 5-3. Dimensions of the bimaterial strips 
Bimaterial Strip Adhesive Adherend Width Length-width 
laminate length thickness Thickness [mm] ratio 
[mm] [mm] [mm] 
Stee1/FM300-2M 180 0.26 0.13 12 15 
Aluminium/FM73 120 0.32 0.10 24 5 
The predicted deflections from the analytical solutions for a 100°C temperature change 
are presented in table 5-4 and are compared with the experimentally measured 
deflections (b) for each bimaterial laminate. For the steel/FM300-2M bimaterial strip, 
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the results from all the analytical methods show good agreement with the experimental 
result. The results from the AlIFM73 bimaterial strip, however, show that none of the 
theoretical analysis can accurately predict the maximum deflection of the strip. The 
deflections from both beam and plate theories are comparable, indicating an error of 
about 15.5% while the Oel & Frechette calculations show a 23% error. This is markedly 
different from the steel/FM300-2M laminate which shows a maximum error of about 
8.5% in the deflection predictions. This suggests that the accuracy of the predictions 
from the analytical methods decrease as the length to width ratio decreases, especially 
for the Oel & Frechette method where the calculation of deflection is based on the 
radius of curvature of the strip which assumes that the width is small compared to the 
length of the strip. This is valid for the steellFM300-2M strip where the LlW ratio is 
high and for a lower LlW ratio (AlIFM73 strip), the assumption no longer applies. 
Comparing both plate and beam theory predictions, the plate theory prediction is 
slightly higher than the beam theory prediction in each case. This is because the plate 
theory includes terms for the transverse radius of curvature which is neglected by the 
beam theory, thus making the deflection predicted by plate theory a combination of both 
longitudinal and transverse deflections. 
Table 5-4. Longitudinal strip deflection results from theoretical and experimental analyses 
Experimental Beam theory Plate theory Oel & Frechette 
[mm] [mm] [mm] [mm] 
SteellFM3 00-2M 29.93 31.14 32.50 31.17 
(4%) (8. 5%) (4.1%) 
AI/FM73 39.09 33 .03 33.25 30.31 
(16%) (15%) (22%) 
5.3.3 2D and 3D FEA predictions 
Finite element analysis (FEA) was carried out usmg the commercial software 
MSC.Marc. The bimaterial strips were modelled in 2D with 8-node quadratic 
quadrilateral elements and in 3D with 20 node brick elements and 8-node 3D shell 
elements. Reduced integration formulation was used for the 2D and 3D brick elements 
and because of symmetry, only half of the bimaterial strip was modelled for the 2D 
element models and a quarter for the 3D brick elements model. Plane strain, plane stress 
and generalised plane strain conditions were assumed for the 2D models while boundary 
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conditions were chosen carefully to simulate free deformation. Uniform cooling (i.e. no 
thermal gradients) was applied for all the models. Transient creep phenomena were 
ignored as creep was considered only in steady state after cooling down from cure, 
owing to short timescales during the cool down period and a lack of transient creep 
properties. The FEA models were used to investigate the following: 
• Curvature of the bimaterial strips compared with the experimental and 
continuum mechanics analyses. 
• Effect of geometric & material non-linearities on the curvature and thermal 
residual stress distribution in the bimaterial strips 
• Thermal residual stress distribution across the thickness of the bimaterial strip 
• Most accurate 2D approximation ofthe 3D stress state. 
Geometric linear and non-linear finite element analyses were carried out on the 2D and 
3D models using temperature-independent and temperature-dependent material 
properties. For the geometric non-linear analysis, the large displacement and updated 
Lagrange procedure parameters in MSC Marc were specified. This is suitable for the 
analysis of problems with large rotations but with small strains. An initial condition of 
120°C was applied to the models and a uniform cooling rate was applied for a change in 
temperature of lOO°C. A summary ofthe analysis options used is presented in table 5-5. 
Case 
Case I 
Case 11 
Case III 
Table 5-5 . FEA analysis options 
Analysis Options 
Geometric linear/temperature independent material properties 
Geometric non-linear/ temperature independent material properties 
Geometric non-linear/ temperature dependent material properties 
5.3.3.1 Stee1lFM300-2M bimaterial strip 
The FEA predictions of maximum deflection for the steel/FM300-2M bimaterial strip at 
20°C are presented in table 5-6. The results from the FEA comparisons show interesting 
trends for the various analysis cases. The comparisons for case I show the direct FEA 
comparison with the analytical results since, like the analytical models, they are both 
geometric linear and temperature independent. The plane stress model predicts a similar 
deflection to the beam theory and Oel & Frechette method while the GPE model is 
115 
Chapter 5: Therma l Residual Stress Mode ll ing in Bonded Joints 
similar to the plate theory. Predictions by the plane strain model are very high as a result 
of the constraint imposed by the model. 
Table 5-6. FEA maximum deflection predictions for Stee1/FM300-2M bimaterial strip 
PE GPE PS 3-D Solid 3-D Shell 
[mm] [mm] [mm] [mm] [mm] 
Case I 45 .89 33.52 31.38 33.53 33.62 
Case 11 41.08 40.41 29.99 27.27 28.44 
Case III 41.52 40.80 30.00 27.15 30.20 
Experiment 29.93 
Case 11 introduces geometric non-linearity. The deformed shape in case 11 is updated 
incrementally throughout the temperature history, resulting in a different displaced 
shape when compared to case I. It can be seen that this improves the prediction of the 
plane strain and plane stress models, but the 3D models underestimate the experimental 
deflection. The GPE model prediction for case 11 is very different from case I and is 
now similar to the plane strain model. The effect of geometric non-linearity also affects 
the prediction of the other models, causing a reduction in the predicted displacement. 
The combination of geometric non-linearity and temperature-dependent elastic modulus 
in case III show slightly different deflections to case 11, with the plane stress and 3D 
shell models showing the best comparison to the experimental value. However, the 
difference is noticeable and is a result of incremental solution of the strip deflection as 
the elastic modulus of the adhesive changes with temperature. 
The difference in the deflection prediction of the GPE model between case I and case 11 
can be attributed to the different stress state and this is confirmed by comparing the 
longitudinal (Jxx) and transverse (Jzz) stresses across the length of the strip near the 
interface region in the adherend for all 3 cases, as shown in figures 5-2(a) and 5-2(b), 
since both axial stresses contribute to the bending of the strip. While the predictions of 
longitudinal stress increase slightly in magnitude with increased non-linearity, the 
transverse stresses decreases sharply with the addition of geometric non-linearity. 
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Figure 5-2_ Comparison of stress predictions by the GPE model in the adherend for all analysis 
cases_ (a) longitudinal stress (<>xx) and (b) transverse stress (O'zz)-
A direct comparison of the longitudinal stress (<>xx) in the geometric and material linear 
models is presented in figure 5-3_ OPE and PS model predictions compared with the 
calculated stresses from the analytical methods across the thickness of the adhesive are 
shown in figure 5-3(a) and across the adherend thickness in figure 5-3(b). It can be seen 
that the stresses are higher in the steel, because of its higher modulus of elasticity and 
that there is a linear variation of stress through each material. The stress distributions 
also emphasize the bending phenomena, with the stress in the adherend varying from 
tensile on the outer region to compressive at the interface, clearly induced by the 
bending of the beam. 
It is also clear that the OPE model predicts the same longitudinal stress as the Gel & 
Frechette and plate theory while the PS model predicts the same distribution as the 
beam theory. This is expected as the corresponding FE models predict the same 
maximum deflection of the strip when compared with the analytical methods. 
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Figure 5-3. FEA vs. theory longitudinal stresses (crxx) comparison through the thickness of the 
strip in the (a) FM300-2M layer and (b) steel layer for case 1. 
When the predictions from all the FE models are compared, as shown in figure 5-4(a) 
for the adhesive, the OPE model compares well with the 3D model at the centre, with 
the plane strain model predicting slightly higher stresses than the OPE model. The 
prediction from the 3D model at the edge show a non-linear stress variation through the 
thickness and stresses higher in magnitude than the 3D model at the centre close to the 
interface and lower than the plane stress prediction at the free edge. This is attributed to 
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the three dimensional free edge effect, previously reported by Tsai & Morton [183, 
184], who compared 2D and 3D predictions of stress at the edges of bimetallic 
laminates, where they noticed a unique three-dimensional phenomenon, not present in 
the 2D or Timoshenko solution. In the region where two intersecting free surfaces 
occur, very large stresses are produced. Bess [185] also showed that the Timoshenko 
solution was accurate provided the stresses were calculated no closer than a distance 
equal to the thickness of the strip from the free ends. 
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Figure 5-4. Longitudinal stress comparison (crxx) through the thickness of the strip for all FE 
models in the (a) FM300-2M layer and (b) steel layer fo r case I 
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5.3.3.2 Aluminium/FM73 bimaterial strip 
Table 5-4 shows the analytical and experimental deflections from the Aluminium/FM73 
bimaterial strip and it can be seen that the analytical models all underestimate the 
experimental deflections, with the Oel & Frechette method showing the worst 
prediction. The maximum deflection predictions from the FE models are shown in table 
5-7. For case I, all the models underestimate the deflection except the plane strain 
model, which overestimates the deflection. The inclusion of geometric non-linearity in 
case Il improves the prediction of the all the models, with the exception of the plane 
stress model. With the addition of temperature dependent material properties in case Ill, 
the GPE and 3D models show very comparable results with the experimentally 
measured deflection. 
Results from analytical longitudinal stress (crxx) calculations across the bimaterial strip 
thickness in the middle of the strip at room temperature are shown in figure 5-5 for case 
I. Here, the stress distributions for the plate theory and Oel and Frechette theory show 
good agreement with the GPE distribution in the adhesive and adherend, as shown in 
figures 5-5(a) and 5-5(b), and the plane stress model shows good agreement with the 
beam theory results. 
Table 5-7 FEA maximum deflection values for Aluminum/FM73 bimaterial strip 
PE GPE PS 3-D Solid 3-D Shell 
[mm] [mm] [mm] [mm] [mm] 
Case I 48.04 33.58 33.04 34.82 34.92 
Case Il 38.56 37.66 29.81 35.96 35.86 
Case III 41.56 40.57 33.13 39.75 38.99 
Experiment 39.09 
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Figure 5-5. FEA vs. theory longitudinal stresses (oxx) across the strip width through the 
thickness ofthe strip (a) in the FM73 layer & (b) in the aluminium layer. 
Figures 5-6(a) and 5-6(b) show the longitudinal stress (crxx) comparison for all FE 
models and it can be seen that the stress distribution of the GPE model closely matches 
the 3D model in the centre, with the plane strain prediction being slightly different and 
the plane stress distribution having a different gradient. The stress distribution at the 
edge from the 3D analysis also shows the three-dimensional edge effects previously 
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seen in the steel/FM300-2M bimaterial strip. From these results, it is clear that the 
Timoshenko beam analysis and the plane stress model are deficient in the prediction of 
stresses in the strips as they ignore the effect of stresses developed in the z-direction 
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Figure 5-6. Longitudinal stresses C oxx) across the strip width through the thickness of the strip 
for all FE models Ca) in the FM73 layer & Cb) in the aluminium layer 
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Structural zooming refinement was carried out to characterise the nature of the stresses 
at the edge. This indicates the presence of a singularity, as shown in figure 5-7, because 
increasing levels of refinement resulted in higher stress predictions at the free edge. 
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Figure 5-7. Comparison of stress results from normal and structural zooming refinement 
showing the stress singularity in (a) the FM73 layer & (b) non linear variation in the aluminium 
layer 
5.3.3.3 Effect of geometric and material non-linearity 
The effect of geometric non-linearity on the displaced shape is illustrated using the 
AlIFM73 bimaterial strip. The deflected shape of the bimaterial sample is shown in 
figure 5-8a and it can be seen that the profile is not cylindrical due to bending in the 
width direction as this strip has a small LlW ratio. Comparison of the bending profile 
from case III and case I (figures 5-8(b) and 5-8(c) respectively) clearly shows the effect 
of geometric non-linearity which updates the displaced shape and distributed load 
throughout the solution process. The experimental bending profile in figure 5-8(a) is 
very close to that generated by the full non-linear FEA model in figure 5-8(b) and is 
notably different from the displaced shape in figure 5-8( c), from the geometric linear 
model. The non-linear bending profile also shows bending in the width direction, which 
is especially noticeable in the low LlW ratio samples. 
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(a) (b) 
(c) 
Figure 5-8. Deformed bending profiles for the AI/FM73 bimaterial strip for (a) experimental, (b) 
case III and (c) case I at 20°C 
From the comparisons of the deflected shapes and from figure 5-9, which shows the 
evolution of the predicted deflection with temperature for the GPE model, it is clear that 
a combination of material non-linearity and large displacement/updated Lagrangian 
formulation is necessary for the FE models to predict the correct deformed shape and 
bending profile. 
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The effect of geometric non-linearity on the predicted stresses in the bimaterial strip at 
maximum deflection was investigated using the 3D solid model for the AIIFM73 
bimaterial strip and figure 5-1O(a) compares the longitudinal stress (o-xx) across the 
length of the strip at the edge and figure 5-1 O(b) compares the longitudinal stress (o-xx) at 
the centre. Owing to the combination of large displacement and small strain, it was 
useful to obtain stress results from the local element coordinates and compare them to 
the global element coordinate results. As expected, the stress distribution from the local 
element coordinates shows a more realistic stress distribution along the length of the 
strip when compared to the linear stress results than the global element coordinates. The 
figures also show that the stress distribution from the geometric linear model is 
significantly different to that from the geometric non-linear model, especially close to 
the edges. This can be attributed to the large displacements and rotations of the strip in 
the longitudinal direction. The effects of singularities at the left edge of the bimaterial 
strip length can also be seen. 
A comparison of the transverse stress (Jzz) is presented in figure 5-11. The results show 
similar predictions for the global and local coordinates because of the smaller 
displacements in this direction, however, there is still a significant difference in the 
stress distributions for the geometric linear and geometric non-linear models. 
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5.3.3.4 Effect of creep 
The effect of creep in the bimaterial strips after cooling down from cure was 
investigated using the creep analysis procedure in MSC.Marc. The analyses were 
carried out using a full non-linear GPE model for a total creep time of 168 hours. The 
results are shown in figure 5-12, which compares the von Mises stress across the length 
of the adhesive after cooling down from cure and after the creep analysis. The results 
suggest that the stresses in the adhesives are too low for observable creep. The predicted 
deflection is also unchanged, which agrees with experimental observation of the 
bimaterial specimen under similar conditions. 
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Figure 5-12. Prediction ofvon Mises stress from the creep analysis across the overlap length for 
(a) steel/FM300 bimaterial strip and (b) Al/FM73 bimaterial strip 
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5.4 FEA predictions of thermal stress in bonded joints 
Thermal residual stresses in lap joints were investigated using similar techniques to 
those used in the FEA of the bimaterial beam samples. The configurations of the single 
and double lap joints analysed in this work are shown in figure 5-13. Typical finite 
element meshes for the joints are shown in figure 5-14(a), for the 2D models, figure 5-
14(b) for the fillet area and figure 5-14(c) for the 3D models. The size and shape of the 
fillet for the FEA models was obtained from an assessment of the fillet area using high 
resolution photography of the lap joint specimens. The most important zone in tenus of 
meshing was that around the adhesive layer, particularly at the overlap ends and the 
mesh density was greatest here, as it was important to be able to model the distribution 
of stresses in the high stress areas of the adhesive. Areas of the substrates away from the 
adhesive layer were of less importance and the mesh density was reduced in these 
zones. Owing to symmetry conditions, only half of the single lap joint and a quarter of 
the double lap joint was modelled in 3D using 8-node brick elements with assumed 
strain fonuulation. The global-local structural zooming function in MSC.Marc was used 
in the overlap area to further improve the modelling of strain distribution in critical 
areas. 
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5.4.1 Aluminium single lap joint 
Comparisons of the stress distributions were taken from the middle of the adhesive 
thickness to avoid the effects of stress concentrations close to the singularity at the 
embedded adherend corner. Stresses in the adhesive for the 3D model are evaluated 
along profile 'A-A', as indicated in figure 5-15, and profile 'B-B', as indicated in figure 
5-16, for the front edge and centre respectively. Stresses in the 2D models are evaluated 
along similar profiles. Figures 5-17(a) and 5-17(b) show a comparison of the 
longitudinal and transverse stresses (O"xx & O"zz), across the overlap length in the adhesive 
using the different FE models considered. The plane stress model underestimates O"xx 
compared to the 3D model at the edge and is of course unable to predict O"zz. The 
generalised plane strain model compares well with the 3D model at the centre of the 
joint in both cases. The plane strain model results in a slightly higher prediction of O"xx 
and a significantly higher prediction of O"zz. The stress distributions in the fillet areas 
(about Imm from each end), are also of interest. A peak is visible, approximately in the 
middle of fillet area, followed by a drop at the point where the two adherends overlap 
each other. 
The predicted maximum principal stresses and von Mises equivalent stresses are shown 
in figure 5-18. The plane strain model overestimates the prediction of the 3D models at 
the centre by about 20% while the plane stress model underestimates the 3D stresses at 
the edge, also by about 20%. The generalised plane strain model however predicts the 
same stress as the 3D model at the centre for both the maximum principal stress and the 
equivalent stress. It can also be noted that the shape of the principal stress distribution, 
as predicted by the plane stress model in the fillet area is similar to the 3D model at the 
edge, while the plane strain and GPE results closely resemble that of the 3D model at 
the centre. The stress distributions across the overlap width for the 3D model are 
evaluated along profile 'C-C', as shown in figure 5-19. The comparisons are shown in 
figure 5-20(a) and (b). The stress levels seen are constant across the width, reducing 
close to the free edge. The contour plots ofvon Mises stress in figure 5-21(a) show the 
stress distribution at the fillet edges. The 3D contours of the adhesive layer (figure 5-
21(b» indicate that the stresses about 2mm away from the fillets are fairly uniform. 
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Figure 5-17. Stress comparisons in the adhesive layer in the aluminium single lap joint for (a) 
(Jxx and (b) (Jzz. 
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Figure 5-18. Stress comparisons in the adhesive layer i.n the aluminium single lap joint for (a) 
maximum principal stress and (b) equivalent von Mises stress. 
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Figure 5-19. 'C-C' profile indicates the region where line plots across the overlap width at the 
centre are taken 
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Figure 5-20. Stress across the overlap width of the adhesive layer in the aluminium/FM73 single 
lap joint for the 3D model 
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Figure 5-21. Contour plots ofvon Mises stress in the adhesive layer in the AI/FM73 SLJ 
showing (a) stress distribution at the edge and (b) 3D stress distribution. 
5.4.2 CFRP single lap joint 
The CFRPIFM73 single lap joint was modelled usmg the same techniques as the 
aluminium single lap joint, with the exception of composite continuum elements used in 
the composite adherends. The stresses are compared along profile ' A-A', as indicated in 
figure 5-15, and profile 'B-B', as indicated in figure 5-16, for the front edge and centre 
respectively. Longitudinal stress distributions along the length of the adhesive are 
shown in figure 5-22 for the various FE models considered. There are similar trends as 
those seen with the aluminium single lap joint for both (Jxx and (Jzz. However, the 
difference between the plane stress and 3D predictions at the edge is much smaller and 
they compare well around the fillet area for the longitudinal stress (Jxx . In the 
comparison of maximum principal stress distributions, shown in figure 5-23(a), the 
plane strain and OPE models compare well with the 3D stress state in the middle of the 
joint, with slight differences around the fillet area, whereas the plane stress model only 
compares well with the 3D stress state at the edge in the fillet area (about 1 mm from 
the edge). 
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Figure 5-22. Stress comparisons in the adhesive layer in the CFRP single lap joint for (a) a xx and 
(b) a zz. 
In the von Mises stress comparisons, shown in figure 5-23(b), it can be seen that the 
OPE model compares favourably with the 3D stress state in the middle while the plane 
strain model overestimates the stresses. The plane stress results compares well with 
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those from the 3D at the edge only at the fillet area, but underestimates the stress by 
approximately 20% across the main overlap area. 
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Figure 5-23. Stress comparisons in the adhesive layer in the CFRP single lap joint for (a) 
maximum principal stress and (b) equivalent stress 
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5.4.3 CFRP/AI/FM73 double lap joint 
Finite element analysis was also carried out on a CFRP/AIIFM73 double lap joint 
comprising of 7075-T6 aluminium alloy and CFRP (IM7/8552 unidirectional) as the 
adherends and FM73 as the adhesive. The stress distributions are compared in the 
adhesive along profile ' A-A' , as indicated in figure 5-24, and profile 'B-B ' , as indicated 
in figure 5-25, for the front edge and centre respectively. Figure 5-26 shows the 
longitudinal stress comparisons, and for CJxx, the GPE model compares well with the 3D 
stress state in the middle of the joint but the plane strain model predicts lower stresses. It 
can also be seen that the stress peaks at the right hand side of the plot are distinctly 
higher than the left hand side which can be attributed to the anisotropic expansion of the 
CFRP adherend. The plane stress model however compares very well with the 3D stress 
state at the edge, except in the fillet area, which is notably different to the trends seen in 
the other joints. Comparison of the transverse stress show that the plane strain model 
prediction is higher than the 3D and GPE models, and this is consistent with other 
joints. 
Owing to the difference in the thermal expansion properties of the joint constituents, the 
peel stress (CJyy) and shear stress ('td were also examined and the comparisons are 
shown in figure 5-27. The peel stress comparisons (figure 5-27(a)), show the highest 
peel stresses from the 3D model at the edge of the joint with distinctly high peel stresses 
right hand side of the overlap area, whilst the 2D models seem to underestimate the peel 
stresses. The 2D and 3D models compare favourably in the shear stress comparison, 
shown in figure 5-27(b), with the plane strain model predicting slightly higher stresses. 
A significant level of shear stresses is observed, as high as 18 MPa near the left hand 
fillet and about the same in the opposite direction in the right hand fillet area. 
Comparisons of the maximum principal and von Mises stresses are shown in figure 5-
28. It is noticeable that the magnitudes of the stresses are much higher than in the single 
lap joints due to the difference in adherend materials. The plane strain model slightly 
overestimates the von Mises stress levels from the 3D stress state. The contour plots in 
figure 5-29 show the predicted thermal stress levels in the whole of the adhesive. Figure 
5-29(a) shows the shear stress (txy) and it is clear the high levels of shear stress seen in 
figure 5-27(b), are predicted across the whole of the adhesive layer. The von Mises 
stress contours (figure 5-29(b )), indicate very high stress peaks in the adhesive layer. 
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This is significant as the stresses seen near the upper interface of the adhesive layer 
exceed the yield stress of the adhesive. 
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Figure 5-24. ' A-A' profile indicates the region where line plots along the overlap length at the 
edge are taken. 
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Figure 5-25. 'B-B ' profile indicates the region where line plots along the overlap length at the 
centre are taken 
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Figure 5-26_ Stress comparisons in the adhesive layer in the CFRP/ AI double lap joint for (a) crxx 
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Figure 5-29. Contour plots of stresses in the adhesive layer in the CFRP/ AI/FM73 DLJ showing 
(a) the shear stress distribution (-txy) and (b)von Mises stress distribution 
145 
Chapter 5: Thermal Residual Stress Modelling in Bonded Joints 
5.5 Validation of thermal residual stresses 
The predicted thermal stresses in bonded joints were validated usmg results from 
neutron diffraction experiments carried out by G. Swallowe of Loughborough 
University Physics Department. Further details of the experiments can be seen in section 
7.2 and [186]. Thermal residual strains were measured using the neutron diffraction 
method on a CFRP/AlIFM73 double lap joint and the results were compared with the 
residual strain predictions from 3D FE models. 
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Figure 5-30. Comparison of predicted thermal residual strains and measured strains from 
neutron diffraction experiments in the upper aluminium adherend of the CFRP/AIIFM73 DLJ 
showing (a) longitudinal strain and (b) peel strain. 
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Figure 5-30 shows the calculated and measured longitudinal and peel residual strains in 
the AIICFRP joint for different positions along the middle line of the outer aluminium 
adherends. Within the accuracy limits, good agreement is observed between the 
measured and FEA predicted strains for longitudinal strain as shown in figure 5-30(a) 
and for the peel strains as presented in figure 5-30(b). The maximum predicted 
longitudinal residual strain of 4.5 xl0-3 agrees well with the measured values at the 
middle of the joint length (x~6mm) and equates to a stress of ~ 32 MPa in the joint. 
5.6 Summary 
Continuum mechanics analysis, 2D and 3D FEA models have been used to evaluate the 
thermal residual stress in bimaterial strips in order to determine the most appropriate 
FEA model and further thermal residual stress analyses have been performed on simple 
lap joints. The following conclusions can be made. 
The continuum mechanics analyses and plane stress models were good at predicting the 
curvature of a strip with a high length to width ratio but poor at predicting the curvature 
of a strip with a smaller length to width ratio, in which the plane strain and OPE FEA 
models are more appropriate. The bending profile of the bimaterial strips are predicted 
correctly only with the inclusion of geometric and material non-linearity and this 
indicates that non-linear analyses are required as linear models do not capture the true 
bending of the structures. 
For the linear analyses, the Oel & Frechette method and plate theory gave an excellent 
fit to the residual stresses predicted by the generalised plane strain and 3D model at the 
centre, while beam theory results matched the plane stress model. None of the 2D FE 
models can fully predict the 3D stress state over the whole of the strip, especially the 
three dimensional edge effects. From the creep analysis, it is clear that there is no 
significant creep in the adhesive in the bimaterial strips at room temperature, which is 
consistent with experimental results. 
The investigation of residual stresses in the lap joints with 2D and 3D models shows 
that the generalised plane strain model compares favourably with the 3D model at the 
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centre of the joint for all the joints considered and the analyses also showed that there 
are areas of high stress concentration near the adhesive free ends compared to the rest of 
the adhesive. However, the plane strain model predicts unusually high stresses in the 
transverse axial direction due to the constraint imposed by the model and the plane 
stress model is incapable of predicting stresses in that direction. Of all the joints 
analysed, the predictions of thermal residual stress in the CFRP/AlIFM73 DLJ was 
highest owing to the different thermo-mechanical properties of the joint constituents. 
In general, the thermal residual strains from the finite element analysis showed good 
agreement with the neutron diffraction results, within the limits of experimental error, 
for the CFRP/AIIFM73 double lap joint. 
In chapter 6, moisture uptake in bonded joints is predicted usmg analytical and 
numerical techniques. The evolution of moisture saturation in the joints, as well as the 
effects of absorbed moisture on the internal stresses in the joints throughout the 
conditioning period are investigated using coupled stress-diffusion FE models. 
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CHAPTER 6 
6 Modelling Moisture Diffusion and the Evolution of 
Hygroscopic Stresses in Bonded Joints. 
In this chapter, analytical and numerical techniques have been employed to predict 
moisture uptake in adhesive joints. The work presented in this chapter is concerned 
with the consequences of moisture ingress in adhesive joints. Fickian diffusion is 
considered to be the primary transport process and the effect of absorbed moisture on 
the mechanical properties of the adhesive are included in the stress analysis. The 
modelling procedure consists of two phases; modelling the diffusion of moisture in 
the absorbent joint constituents and modelling the mechanical diffusion interaction. 
Transient FE procedures have been used to predict the moisture concentration profiles 
because this method can accommodate complex geometries, diffusion in composite 
joints and can be coupled directly with moisture-dependent mechanical properties. 
This method has been used to predict the evolution of moisture saturation in the 
joints, as well as the effects of moisture on the internal stress distribution in the joint 
at different stages during this evolution. In the following sections, diffusion modelling 
and hygroscopic stress analysis for 3 environmental conditions (i.e. 50°C/water, 
50°C/95%RH, & 70°C/SO%RH) are presented. The environmental conditions were 
selected for accelerated ageing of the joints, without exceeding the glass transition 
temperature (Tg) of the adhesive. The hygroscopic stresses are induced from swelling 
of the adhesive and CFRP adherend when moisture absorption occurs. 
6.1 Diffusion 
6.1.1 Analytical moisture diffusion formulation 
Diffusion in adhesives is generally considered to be Fickian although some studies 
have shown that under certain conditions, diffusion can be non-Fickian. These are 
commonly considered when the rate of relaxation in the adhesive has an effect on the 
uptake behaviour. Several diffusion models have been used to predict non-Fickian 
diffusion. Loh et al [35] have used a dual stage Fickian diffusion to predict the 
anomalous uptake profiles seen in gravimetric experiments carried out for Araldite' s 
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AV 119 adhesive. However, the moisture uptake data for FM73 gave a good fit to 
Fickian diffusion. Analytical expressions for Fickian moisture diffusion as a function 
of time, in homogeneous materials exposed to moisture have been developed by 
several authors [35, 36, 42-45]. One dimensional diffusion is shown graphically in 
figure 6-1. 
1_ 
Moisture Moisture 
Figure 6-1. Schematic representation of one-dimensional diffusion problem 
The moisture content for an infmitely wide plate in the y- and z-directions, varies only 
in the x-direction, which results in a one-dimensional problem. Assuming the initial 
moisture concentration (Co) in the plate is uniform, sudden exposure to a moist 
environment immediately results in a maximum equilibrium moisture concentration 
(Csat) at the exposed edges and this remains constant. Considering Fick' s Law [36]: 
(6-1) 
Where Dx is the diffusion coefficient of the material and the boundary conditions are: 
C - C 
- 0 o < x < I t::;O (6-2) 
x = 0; x = I t >O (6-3) 
The solutions to equations (6-1) - (6-3) for the case of a constant diffusion 
coefficient, is given as follows [36] ; 
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6.1.2 Moisture diffusion modelling 
The analytical solution for moisture diffusion in adhesive layers is generally based on 
a linear Fickian analysis of thin rectangular strips and for diffusion, the moisture 
concentration along a bimaterial interface is discontinuous [36]. In cases where the 
geometry is complex (e.g. adhesive fillets) and/or the problem is no longer uni-
dimensional, taking into account non-linear effects, a simple analytical solution is 
deficient [187]. However, the finite element method can be used to analyse moisture 
diffusion in cases where the analytical solution is lacking. As diffusion is a transient 
phenomenon, transient analysis is the most suitable form for finite element based 
diffusion analysis. However, most commercial FE Packages do not explicitly support 
moisture diffusion and a heat transfer analogue is employed. This form of analysis is 
used to determine the normalised moisture concentration, CICsat, and other diffusion 
quantities as a function of exposure time in a wet environment. The moisture 
concentration deduced from a transient diffusion analysis can later be introduced as an 
input for the incorporation of moisture-dependent mechanical properties for use in 
coupled stress-diffusion analyses. The material property required for transient 
diffusion analysis is the coefficient of diffusion [37, 43] , which is constant for Fickian 
models but can be moisture-dependent for some non-Fickian models, resulting in a 
non-linear analysis. 
In order to model moisture diffusion in adhesive joints with the MSC.Marc Package, a 
modified form of the heat transfer equations had to be used. According to Fick's first 
and second laws of diffusion in one dimension [36]: 
F = _ D ac and ac = D a2c 
ax at ax2 (6-5) 
Where F is the heat flux, C is the concentration of the diffusing species, x is the 
distance, D is the diffusion coefficient, and t is the time. The equivalent heat transfer 
equations are 
F = -k aT and aT = (~J a2T 
ax at cp ax2 (6-6) 
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Where T is the temperature, k is the thermal conductivity, p is the density, c is the 
specific heat per unit mass. From the comparison of these equations, diffusion can be 
modelled by equating temperature T, to concentration, C, and the diffusion 
coefficient, D to diffusivity k/ cp. Because an ideal solution of moisture in the 
material is assumed, cp is equated to 1. This method is generally suitable for a system 
where the diffusion coefficient and solubility of the moisture absorbent constituents 
are equal. For materials with varying degrees of solubility at different environmental 
conditions, it is important to define moisture diffusion properties as a function of the 
solubility of moisture in each substance. The solubility or saturated moisture 
concentration is defined as 
C (T <Y< RH) = Mso, (T, %RH) 
SOl ,0 Vol (6-7) 
Where Mso, (T, %RH) is the saturated moisture content at temperature T, and relative 
humidity, %RH. The parameters for a moisture diffusion analysis for materials with 
varying degrees of solubility as a heat transfer analogue in terms of normalised 
moisture concentration are presented in table 6-1. 
Table 6-1. Analogy between moisture diffusion and heat transfer 
Properties Moisture diffusion Heat Transfer 
Normalised Moisture 
Field variable 
concentration C / CSOI 
Temperature 
Density 1 Density 
Conductivity D xCso, Conductivity 
Specific Heat CSOI Specific Heat 
For moisture absorption modelling, the initial condition is C/CSOI = 0 for the whole 
model, and the boundary condition is C/CSOI = 1 at the external surfaces which are 
exposed to the environment. 
152 
Chapter 6: Modelling diffusion and the evolution of hygroscopic stresses in bonded joints 
6.1.3 Comparison of FEA and analytical diffusion predictions 
In order to verify the moisture diffusion capability in MSC.Marc, a one-dimensional 
problem was analysed. A typical adhesive layer in an aluminium single lap joint is 
considered where half of the overlap was modelled due to symmetry. It was not 
necessary to model the aluminium adherends and the fillets were not considered. The 
moisture properties of the adhesive are presented in table 6-1 and a schematic of the 
joint overlap region is shown in figure 6-2. The moisture content in the adhesive layer 
varies only in the x-direction and the initial moisture concentration Co in the adhesive 
layer was considered uniform. The joint is suddenly exposed to a conditioning 
environment of 50D C/95%RH and the exposed edges instantaneously reach the 
equilibrium moisture concentration CSal which remains constant. The analytical 
moisture concentration was calculated using equation (6-4). It is necessary to note that 
for 2D FEA moisture diffusion analysis, diffusion occurs in the x and y-directions, 
resulting in ID diffusion in an AI/FM73 single lap joint as shown in figure 6-2(a), and 
2D diffusion in the CFRP/AI single lap joint as shown in figure 6-2(b). It follows that 
for 3D FEA, diffusion is two-dimensional in the Al/FM73 SLJ (x and z-directions) 
and fully three dimensional for the CFRP/FM73 SLJ and the CFRP/AI/FM73 DLJ. 
1--------
7075/T6 
FM73 
____ -.2075/T6 _ ~ L 
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ji------t-- -
IM7/8552 
I 
(b) 
Figure 6-2. Schematic representation of diffusion in 20 FEA models. 
The predicted normalised moisture concentrations from 2D FEA and analytical 
diffusion are shown in figure 6-4 for 2, 12 and 48 weeks. It can be seen that both 
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methods are in very good agreement. This validates the FEA model and shows that 
there are no discretisation errors. The variation of moisture concentration with time 
determined by the FEA model is depicted in figure 6-5. The contours show that after 2 
weeks, only about 0.5mm of the adhesive from the exposed edge has reached over 
90% saturation, while after 48 weeks, most of the adhesive has reached over 50% 
saturation. 
Table 6-2. Moisture diffusion properties for FM73. 
Environment Diffusion Saturated Moisture Saturated Moisture 
(OC, %RH) Coefficient. content. concentration 
D(mm2/s) M sat (wt %) Csat (kg/mm3) 
50°C, water 5.22 x 1 0-7 3.5 36.89 x l0-~ 
50°C, 95%RH 7.68 xI0-7 2.2 23.l8 x 1 O-~ 
70°C,80%RH 62.1xI0- 1 l.24 13.07x 1O-~ 
12.5mm 
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Figure 6-3. Graphical representation of the joint overlap region 
.. 1.2 ,.. 
• AD: 2 weeks - FEA: 2 weeks ., 
U 
.... 
U 
C '" AD: 12 weeks 
- FEA: 12 weeks 
0 
.. - FEA: 48 weeks 
tU 
... 
.. 0.8 C 
QI 
IJ 
C 
0 
IJ 0.6 
QI 
... 
:I 
1;; 
'0 004 
E 
" ~ 0.2 
tU 
E 
... 
0 
Z 0 
0 2 4 6 8 10 12 
Distance from centre, mm 
Figure 6-4. Moisture distribution along the adhesive overlap 
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Figure 6-5. Contour plots of normalised moisture concentration along the adhesive overlap 
predicted by FEA. 
6.2 Assessment of moisture diffusion analysis in bonded joints. 
Moisture diffusion in adhesively bonded joints is a three dimensional process, and 
three-dimensional moisture diffusion in bonded joints with adhesive fillets is easily 
analysed using transient finite element analysis, which is very difficult with analytical 
expressions. Comparisons of 2D and 3D FEA diffusion profiles were made because 
2D FEA is desirable, owing to computational efficiency. This may be advantageous 
when investigating coupled stress-diffusion analyses with damage. However, 3D FEA 
may be required to accurately predict the 3D effects seen in a hygro-thermo-
mechanical situation. For joints with CFRP adherends, moisture diffusion through the 
CFRP adherend is also considered. The moisture diffusion properties of the CFRP 
composite were determined from experiments by l .P. Sargent from BAE as part of the 
project and are presented in table 6-3. 
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Table 6-3 . Diffusion parameters for IM7/8552 Unidirectional CFRP. 
Environment D parallel to D perpendicular Saturated Saturated 
fib re axis to fibre axis Moisture Moisture 
[Did (m2/s) [D221 (mm2/s) content. concentration 
Msat(wt %) Csat (kg/mm3) 
50°C/95%RH 7x10-1J 2x 10- 1 - 1.0 15.89x 10-1) 
70°C/80%RH 14x10-1J 5x 1 0-1 0.8 12.71 x10-1) 
Comparing the saturation values of IM7/8552 and FM73 in tables 6-2 and 6-3, it is 
clear that the mass of water has to be accounted for by the FE model as discussed in 
section 6.1.2. 2D and 3D finite element models were compared to analytical 
calculations of the amount of moisture absorbed by each material based on the 
saturated moisture content from the gravimetric experiments when exposed to each 
conditioning environment. It should be noted that interfacial diffusion was ignored in 
all cases 
6.2.1 Moisture diffusion in aluminium/FM73 SLJ at SooC/9S%RH, 
70oC/So%RH and 50°C/water immersion. 
Ageing environment: 50°C/95%RH 
Moisture diffusion into the AI/FM73 single lap joint was analysed using both 2D and 
3D FEA over a period of 100 weeks, simulating conditioning environments of 
50°C/95%RH, 70°C/80%RH and 50°C/water immersion. A comparison of the 
moisture uptake profiles from both 2D and 3D FEA analyses at 50°C/95%RH is 
shown in figure 6-6, along with the theoretical saturated moisture content of the joint. 
This is based on the saturated moisture content from moisture uptake experiments at 
50°C/95%RH, given by: 
Msat(50°C, 95%RH) = Mass ofFM73 x 2.2% 
~Msat(50°C,95%RH)= 9.8153 x 10-5 x2 .2%=2.159 x 10-6 kg 
(6-8) 
It is clear that the 2D uptake profile is different from the 3D uptake profile and that 
although both predictions approach the theoretical maximum after 100 weeks, the 3D 
profile approaches saturation much quicker than the 2D profile. 
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Figure 6-7. ' B-B ' profi le indicates the region where line plots along the overlap length at the 
centre are taken 
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Figure 6-8. 'C-C' profi le indicates the region where line plots across the overlap width at the 
centre are taken 
Figure 6-9(b) shows the normalised moisture concentration along profile 'C-C' for the 
2D and 3D models. The comparison is made at this point as this is the final area to 
achieve saturation in the adhesive layer. It is obvious that the 2D approximation is 
unable to predict the variation of the moisture concentration across the overlap width. 
The prediction from the 3D model shows that after 1 week, the adhesive up to 4mm 
from the edge is wet while the 2D model is predicting no moisture at this point. 
Comparing the area under the concentration profiles for the 2D and 3D models, it can 
be seen that the 3D model predicts a significantly greater amount of absorbed 
moisture at all times. This indicates that the diffusion process is fully three-
dimensional and explains the difference in the uptake profiles, seen in figure 6-6. 
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Figure 6-9. 2D and 3D normalised moisture concentration in the adhesive for the AI/FM73 
single lap joint at 50°C/95%RH (a) along the overlap length and (b) across the overlap width. 
Ageing environment: 70°CI80%RH 
The moisture uptake profile for the AVFM73 single lap joint at 70°C/SO%RH is 
shown in figure 6-10(a) and owing to the higher diffusion coefficient combined with a 
lower saturated moisture content compared to the 50°C/95%RH environment, 
moisture saturation occurs much more quickly. The 3D prediction reaches saturation 
before the 2D prediction, but by a smaller margin compared to the uptake profile at 
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50°C/95%RH. A comparison of the moisture concentration profiles across the overlap 
length for the 2D and 3D models in figure 6-1 O(b) also indicates a significantly lower 
concentration prediction by the 2D model after 6 weeks. After 18 weeks the adhesive 
is more than 95% saturated. 
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Figure 6-10. 2D and 3D FEA predictions in the adhesive for the AI/FM73 single lap joint at 
70°C/80%RH showing (a) moisture uptake and (b) normalised moisture concentration along 
the overlap length. 
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Ageing environment: 50°C/water immersion 
The moisture uptake profile and normalised moisture concentration for the joint 
conditioned at 50°C/water immersion are presented in figures 6-11 and 6-12 
respectively. The uptake profile and moisture concentration profile indicate the 
deficiency of the 2D model when compared to the 3D model, and also show that the 
adhesive does not reach full saturation after 100 weeks. This is because of the higher 
moisture content exhibited by FM73 at this condition. The moisture concentration 
profiles also indicate that after 78 weeks at this condition, the adhesive is less than 
80% saturated. 
It is important to note that interfacial diffusion is neglected in the analysis as the 
model assumes a perfect bond between the adhesive and aluminium adherends. This 
is because of the lack of data concerning interfacial diffusion. This means that the 
prediction in this work would tend to be conservative in the presence of interfacial 
diffusion. Given interfacial diffusion coefficients, this could be incorporated in future 
models if required. 
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Figure 6-11. 2D and 3D FEA predictions of moisture uptake in the adhesive for the AI/FM73 
single lap joint at 50°C/water immersion 
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Figure 6-12. 2D and 3D FEA predictions of normalised moisture concentration along the 
overlap length in the adhesive for the AUFM73 single lap joint at 50°C/water immersion. 
Comparison of the moisture uptake profiles predicted by the 3D FEA models for 
different ageing environments is shown in figure 6-13. The uptake profiles show that 
in this adhesive, saturation occurs much quicker at 70°C/80%RH, owing to a 
combination higher temperature and lower moisture content for the adhesive at this 
condition. 
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Figure 6-13. Comparison of3D FEA predictions of moisture uptake profiles for different 
ageing conditions in the AUFM73 single lap joint. 
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6.2.2 Moisture diffusion in CFRP/FM73 single lap joint at 50oC/95 % RH, 
70oC/So%RH 
The moisture uptake profiles for the CFRP/FM73 single lap joint for both 
conditioning environments are compared in figure 6-14(a), along with the saturated 
moisture content for each conditioning environment. The joint reaches saturation after 
36 weeks at SO°C/9S%RH and after 18 weeks at 70°C/80%RH because of the 
combination of lower saturated moisture content and a higher diffusion coefficient at 
70°C/80%RH. The saturated moisture content is two orders of magnitude higher than 
in the aluminiumlFM73 single lap joint for each condition, owing to the presence of 
moisture absorbent adherends and the difference in moisture content for the two 
different environments is clearly indicated in figure 6-14(a). The uptake profiles for 
both 2D and 3D models are comparable over the timescale but a zoom of the 
timescale as shown in figures 6-14(b) and 6-14( c) indicates a slightly higher 
prediction for the 3D model, albeit by a much smaller margin when compared to the 
uptake profiles from the aluminium/FM73 single lap joint. The normalised moisture 
concentration across the overlap length at profiles 'B-B ' and 'D-D' (figure 6-IS(a)), 
for the adhesive and adherend respectively at 50°C/95%RH at 1, 12 and 3.6 weeks is 
shown in figure 6-IS(b). The offset between the two sets of line plots from the left 
edge of the comparison is due to the presence of the adhesive fillet. The comparison 
indicates that although the CFRP adherend is partially wet everywhere after 1 week, 
the adhesive is still partially dry. This is because of the short diffusion path through 
the thickness of the CFRP adherend (2mm). At 12 weeks, the minimum concentration 
in the CFRP adherend is more than 70% while the minimum concentration in the 
adhesive is less than 50%. After 36 weeks, the whole joint is more than 90% 
saturated, but there is clearly evidence of moisture transfer from the CFRP adherend 
to the adhesive as the minimum concentration prediction in the adhesive from the 
AlIFM73 single lap joint at the after 48 weeks is less than that of the CFRP/FM73 
single lap joint at 36 weeks. 
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Figure 6-14. Comparison of 2D and 3D FEA moisture uptake profi les for CFRP/FM73 single 
lap joint at (a) both conditioning environments, (b) time scale zoom at 50°C/95%RH and (c) 
timescale zoom at 70°C/80%RH 
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Figure 6-15. (a) Regions in the CFRPIFM73 single lap joint where concentrations plots are 
considered and (b) 3D FEA predictions of normalised moisture concentration at 
50°C/95%RH. 
6.2.3 Moisture diffusion in CFRP/Al/FM73 double lap joint at 
50°C/95 % RH and 70°C/80 % RH. 
Moisture diffusion analysis in the double lap joint was carried out for two 
environments, 50°C/95%RH and 70°C/80%RH and although interfacial diffusion has 
been neglected for the aluminium side of the joint, there is moisture diffusion across 
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the interface between the CFRP adherend and the adhesive as they are both moisture 
absorbent. The difference in different moisture contents and diffusion coefficients has 
been taken into account in the analysis. Figure 6-16 shows the moisture uptake of the 
joint at SO°CI9S%RH for 2D and 3D models. The 3D model predicts slightly higher 
moisture content than the 2D model for the same exposure time. Figure 6-16 also 
indicates that after 100 weeks, the joint is close to saturation. A similar trend is 
predicted for the joint at 70°C/80%RH, as shown in figure 6-17, although the higher 
diffusion coefficient and lower moisture content at this condition results in the joint 
being fully saturated after 60 weeks. A comparison of 3D FEA uptake profiles for 
both ageing environments is shown in figure 6-18. It can be seen that the joint at 
50°CI9S%RH absorbs 3Smg more moisture than at 70°C/80%RH, but it takes an extra 
40 weeks to do so. 
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Figure 6-16. 2D and 3D FEA Moisture uptake profiles for CFRP/ AI/FM73 double lap joint at 
50°C/95%RH 
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6.2.4 Comments on transient diffusion analyses 
The moisture diffusion analyses carried out show that the 2D models are deficient in 
predicting the concentration in all the joints examined, as well as the moisture uptake 
profiles. The 2D model prediction for the CFRP single lap joint was comparable to 
the 3D model prediction. This is because of the presence of moisture absorbent 
substrates, which enables diffusion in the x and y-directions. Across the overlap 
width, it can be seen that the 2D model predicts constant moisture concentration, 
whilst the 3D model predicts the expected variation. Thus, close to the edge of the 
sample it can be seen that the 3D model predicts significantly higher moisture 
concentrations. This may affect mechanical performance as load is transferred from 
the edge to the centre of the joint. This shows that although moisture absorption in the 
middle of the joints can be reasonably predicted using 2D models they may not be 
appropriate for an accurate investigation of transient hygroscopic or hygro-thermal 
stresses and this can only be investigated adequately by further 3D modelling. 
6.3 Modelling the mechanical-diffusion interaction, (coupled stress 
diffusion modelling) 
The mechanical consequence of moisture uptake in the joint was modelled using 3D 
coupled FE analyses. An overview of the physical effects attributed to coupling 
between diffusion and mechanical analyses is shown in figure 6-19. The coupled 
analysis can be accomplished in MSC.Marc either sequentially (i .e. the effects of 
moisture diffusion in mechanical analysis can be directly defined or read from a 
previous heat transfer post file) or fully coupled (i.e. carried out using a staggered 
algorithm where a transient diffusion analysis is carried out before a stress analysis 
for each increment). In the coupled stress analysis carried out for the lap joints, 
coupling occurs primarily when deformations result in a change in the associated 
moisture transfer problem. 
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6.3.1 Adhesive and CFRP moisture uptake and expansion 
Moisture dependent mechanical properties of the adhesive and CFRP adherend were 
previously shown in chapter 3. The hygroscopic expansion coefficients CP) are 
presented in table 6-4 for the adhesive and table 6-5 for the CFRP substrate. These are 
used in the hygroscopic stress analyses. 
Table 6-4. Coefficient of hygroscopic expansion for FM73. 
FM73, ~ - 0.00211 M sat (wt %) 
Environment Saturated moisture p 
content M
sat (wt %) 
50°C/95%RH 2.2 0.00462 
70°C/SO%RH 1.2 0.00252 
50°C/Immersed 3.5 0.00735 
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Table 6-5. Coefficient ofhygroscopic expansion for IM7/8552 un idirectional CFRP 
IM7/8552 Unidirectional CFRP, CHE - 0.00493/ M
sat (wt %) (perpendicular to 
fibre direction only 
Environment Saturated moisture CHE Parallel to CHE perpendicular to 
content M
sat (wt %) Fibre axis CPxx) fibre axis (~yy, ~zz) 
50°C/95%RH 1.00 0 0.00493 
70°C/80%RH 0.8 0 0.003944 
The effect of the hygroscopic expansion on the moisture uptake profile was assessed 
for the aluminium/FM73 single lap joint immersed in water at 50°C as the expansion 
results in a progressively larger surface area exposed to the moisture as ageing time 
increases. Moisture uptake profiles for the 3D model for a transient diffusion only 
analysis and a hygroscopic stress diffusion analysis are compared in figure 6-20. 
Although the uptake profile from the hygroscopic stress diffusion analysis is higher 
than that of the transient diffusion analysis, the difference is negligible for this joint 
system. However, for a system with a very high coefficient of moisture expansion, the 
uptake profile may be noticeably different. 
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Figure 6-20. Comparison of3D moisture uptake profiles for the Aluminium/FM73 SLJ for 
diffusion and hygroscopic analyses. 
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6.3.2 Aluminium single lap joint 
The predicted effects of moisture ingress over time on the AlIFM73 single lap joint 
when exposed to the SO°C/9S%RH accelerating ageing condition are presented along 
profiles 'A-A', 'B-B' & ' C-C' shown in figures 6-21 , 6-22 and 6-23 respectively. 
Figure 6-24(a) shows the evolution of the longitudinal stress (<Jxx) induced by 
hygroscopic expansion over 78 weeks along profile 'B-B'. After 1 week, swelling due 
to moisture ingress in the fillet area and at the edges, together with plasticization of 
the adhesive, has a compressive stress inducing effect. The stresses increase with time 
as the whole of the adhesive becomes saturated, from the edges to the middle of the 
joint, and after 78 weeks, the stresses are uniform across the overlap length with the 
exception of the fillet areas. Figure 6-24(b) shows the longitudinal stress development 
along profile 'C-C' . The same trend seen along the overlap length is repeated here, as 
stresses are induced quickly at about 2-3 mm from the exposed edge, whilst most of 
the inner areas of the adhesive is unstressed. The stresses induced are compressive 
because they are induced by swelling of the adhesive which is constrained by the 
aluminium adherends. As moisture permeates to the middle of the joint and the joint 
becomes uniformly saturated, the stresses become more uniformly distributed. It is 
also notable that moisture ingress and saturation also lowers the tensile modulus of 
the adhesive, which has the effect of reducing the magnitude of the stresses generated. 
Figures 6-2S(a) and 6-2S(b) show a companson of the predicted hygroscopic 
longitudinal and transverse stresses (<Jxx & <Jzz) across the overlap length in the 
adhesive from the 2D and 3D FE models when close to saturation, after 78 weeks. 
The 2D geometric approximations are compared with the 3D predictions at the edge 
and centre of the joint and the stress distributions were taken from the middle of the 
adhesive thickness to avoid the effects of stress concentrations. The plane stress 
model slightly underestimates <Jxx compared to the 3D model at the edge and is of 
course unable to predict <Jzz. All the predictions of <Jxx from the 2D models compare 
well with each other as well the 3D model prediction at the centre, although the 3D 
prediction is slightly higher. The 3D model prediction of <Jzz at the centre of the joint 
also compares well with the plane strain and generalised plane strain models but the 
3D prediction at the edge is significantly different in shape compared to the centre of 
the adhesive. The stress distributions in the fillet area are also of interest and a peak is 
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visible approximately in the middle of the fillet area, followed by a drop at the point 
where the two adherends overlap each other. 
side view 
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Top view 
Figure 6-21. 'A-A' profile indicates the region where line plots along the overlap length at the 
edge are taken. 
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Figure 6-22. 'B-B' profile indicates the region where line plots along the overlap length at the 
centre are taken 
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Figure 6-23. 'C-C' profile indicates the region where line plots across the overlap width at the 
centre are taken 
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Figure 6-24. Predicted evolution of longitud inal stress (<Jxx) induced by moisture ingress (a) 
along the overlap length and (b) across the overlap width. 
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Figure 6-25. Hygroscopic stress comparisons in the adhesive layer in the aluminium single 
lap joint at 50°C/95%RH for (a) <Jxx and (b) Ozz. 
The predicted hygroscopic maximum principal stresses and von Mises stresses are 
shown in figure 6-26. It can be seen that the plane stress model underestimates the 3D 
prediction at the edge, especially in the fillet area, about 1.5-2mrn from the edges. The 
generalised plane strain and plane strain models, however, predict the same stress as 
the 3D model at the centre for both the maximum principal stress and the equivalent 
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stress. It can also be seen that the shape of the principal stress distribution estimated 
by the plane stress model in the fillet area is not similar in shape to the 3D model at 
the edge, while the plane strain and GPE closely resemble the 3D model at the centre. 
The highest levels of stress are predicted by the 3D model at the exposed edge of the 
adhesive. 
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Figure 6-26 . Hygroscopic stress comparisons in the adhesive layer in the aluminium single 
lap joint at 50°C/95%RH for (a) maximum principal stress and (b) von Mises stress 
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A comparison of longitudinal stress predictions at the centre of the adhesive for each 
accelerated ageing condition between 1 and 78 weeks is presented in figure 6-27. The 
induced stresses at 50°C/95%RH are slightly lower than the stresses predicted from 
the joint immersed in water at 50°C. This is mainly because of the different expansion 
coefficients for the two ageing conditions. The stresses in the joint at 70°C/80%RH 
are about 60% lower than those at 50°C, owing to a combination of lower tensile 
modulus at 70°C, and a smaller saturated moisture content, which results in a smaller 
expansion. The effect of a higher diffusion coefficient at 70°C is also evident when 
comparing the difference between the stresses induced after 1 week and the fully 
saturated joint. 
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Figure 6-27. Comparison of longitudinal stresses induced in the AI/FM73 single lap joint for 
the accelerated ageing conditions considered. 
Figures 6-28 and 6-29 illustrate the fully 3D and non-uniform nature of the 
hygroscopic stresses induced in the adhesive during the transient moisture diffusion. 
A quarter of the adhesive is shown because of the symmetry along the x and z-axes. 
The contour plots of longitudinal stress (CJxx) generated after 1 and 24 weeks are 
shown in figures 6-28(a) and 6-28(b) respectively. After 1 week of moisture ingress, 
most of the compressive stresses are within 2mm from the edges of the overlap area 
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and the stresses in the dry areas are negligible. At 24 weeks, moisture has reached the 
inner regions of the adhesive layer and stresses are generated throughout the adhesive 
layer, depending on the level of saturation. Lower longitudinal stresses, typically of 
about -1 MPa, are observed in the upper areas of the adhesive fillet because the 
material in this area is free to expand in the longitudinal direction. 
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Figure 6-28 Contour plots of longitudinal stress (<Jxx) in the adhesive layer in the AI/FM73 
SLJ after (a) 1 week and (b) 24 weeks. 
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Figure 6-29. Contour plots ofvon Mises stress in the adhesive layer in the AI/FM73 SLJ after 
(a) 1 week and (b) 24 weeks. 
The contours of von Mises stress in figure 6-29(a) also show that stresses are induced 
in the wet areas of the joint after 1 week with the dry areas of the adhesive remaining 
largely unstressed. However, as moisture reaches the inner areas of the joint stresses 
are induced in all areas due to the hygroscopic expansion of the adhesive. The level of 
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stress concentrations near the fillet region also suggests that high stresses are induced 
in other directions in the adhesive, indicating a truly complex 3D stress distribution in 
different directions. 
6.3.3 CFRP/FM73 single lap joint 
The predicted effects of moisture ingress over time on the unstressed CFRP/FM73 
single lap joint at 50°C/95%RH are presented in figures 6-30(a) and 6-30(b) along 
profiles 'B-B' and 'C-C' respectively. Figure 6-30(a) shows the evolution of the 
longitudinal stress (<Jxx) induced by hygroscopic expansion over 78 weeks. After 1 
week, swelling due to moisture ingress in the fillet area, together with plasticization of 
the adhesive, has a compressive stress inducing effect and, as seen previously in the 
adhesive layer of the AI/FM73 single lap joint, the exposed edge is completely 
saturated after 1 week. After this, the stresses increase slightly due to further swelling 
of the adhesive as moisture is absorbed. The stresses also increase with time as the 
whole of the adhesive becomes saturated but the effect of moisture ingress from the 
CFRP substrates is notable, with the formation of a uniform stress state at 48 weeks, 
with the exception of the fillet areas. Figure 6-30(b) shows the longitudinal stress 
development across the overlap width in the middle of the adhesive and the same 
trend seen along the overlap length is repeated here, as stresses are induced up to 
about 2-3 mm from the exposed edge after 1 week, whilst most of the inner areas of 
the adhesive are unstressed. After 6 weeks, the whole of the adhesive is wet and the 
stresses beyond about 4mm away from the edge are fairly uniform. This is a marked 
difference to the behaviour of the aluminium single lap joint, and is because moisture 
saturation in this area is mainly due to moisture ingress from the CFRP substrate. 
Figures 6-31(a) and 6-32(b) show a comparison of the predicted hygroscopic 
longitudinal and transverse stresses (<Jxx & <Jzz) across the overlap length in the fully 
saturated adhesive from the 2D and 3D FE models after 48 weeks. The 2D geometric 
approximations are again compared with the 3D predictions at the edge and centre of 
the joint. All the predictions of <Jxx from the 2D models compare well with each other, 
as well as with the 3D model prediction at the centre and edge, with the exception of 
the plane strain model which slightly underestimates the results. The generalised 
plane strain (GPE) prediction is similar to the 3D predictions at the edge and centre 
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while the plane strain model significantly overestimates O"zz. The plane stress model is 
unable to predict O"zz. The longitudinal stresses in the fillet area are markedly different 
from those in the AlIFM73 SLJ because of the expansion of the CFRP adherends. 
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Figure 6-30. Predicted evolution of longitudinal axial stress (O"xx) induced by moisture ingress 
in the adhesive layer of the CFRP/FM73 single lap joint (a) along the overlap length and (b) 
across the overlap width. 
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Figure 6-31 . Hygroscopic stress comparisons in the adhesive layer in the CFRP/FM73 si ngle 
lap joint for (a) <Jxx and (b) crzzo 
The predicted hygroscopic maximum principal stresses and von Mises stresses are 
shown in figure 6-32. All maximum principal stress predictions are comparable, with 
the exception of the plane strain results in the fi llet area .. For the von Mises stress 
predictions, the GPE prediction is similar to the 3D model predictions while the plane 
stress prediction is slightly lower, but retaining the same shape. The shape of the 
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plane strain prediction is different from the other models, especially in the fillet area 
where the peak prediction is about 0.5mrn from the edge, while the others have a peak 
prediction at the edge of the fillet area. 
A comparison of the evolution of longitudinal stress predictions at the centre of the 
adhesive at each accelerated ageing condition at 1 and 78 weeks is presented in figure 
6-33(a) for O'xx and at 1, 6 and 48 weeks for O'zz in figure 6-33(b). The O'xx prediction 
from the saturated joint at 70°C/80%RH is about 60% lower than the prediction at 
50°C/95%RH, owing to a combination of lower tensile modulus at 70°C, and a 
smaller saturated moisture content which results in a smaller expansion. The 
magnitudes of the stress predictions are similar after 1 week, with the main difference 
in the fillet area. The plot also indicates that the stresses in this direction are 
compressive in this part of the adhesive layer. However, the O'zz prediction at 1 week 
for both ageing conditions, shows that the adhesive is in compression at the edges but 
in tension away from the edges. After 6 weeks, there is an increase in the magnitude 
of O'zz at 50°C/95%RH and at 48 weeks, the stresses are fairly uniform, but in tension. 
At 70°C/80%RH, the stress distribution is tensile after 6 weeks and is higher than the 
stress prediction at 50°C/95%RH after 48 weeks. This complex stress evolution in the 
adhesive is caused by the orthotropic expansion of the CFRP adherends in the overlap 
area. 
Assessment of stress contour plots of the adhesive layer after 1 week at 50°C/95%RH 
(figure 6-34) reveals the extent of the transient nature of the stresses induced by the 
orthotropic expansion of the CFRP substrate. The peel stress (O'yy) in the adhesive 
layer is noteworthy and is highly compressive very close the edge of the joint (-20 
MPa). However, about 1.25 mm from the edge, the prediction becomes tensile (10 
MPa). The rest of the adhesive area shows a mixture of compression and tension. The 
corresponding stress contours in the CFRP adherend at the overlap area are shown in 
figure 6-35 . These indicate that moisture ingress into the CFRP adherend induces a 
complex transient hygroscopic stress distribution which may potentially damage the 
CFRP substrate in certain areas, as the failure strength of the CFRP substrate in some 
directions is relatively low compared to the longitudinal tensile strength. 
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Figure 6-32. Hygroscopic stress comparisons in the adhesive layer in the CFRPIFM73 single 
lap joint at 50°C/95%RH for (a) maximum principal stress and (b) von Mises stress 
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Figure 6-33. Comparison of hygroscopic stresses induced in the adhesive layer ofthe 
CFRP/FM73 single lap joint for the accelerated ageing conditions considered for Ca) 
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Figure 6-34. Contour plots of stresses in the adhesive layer of the CFRP/FM73 SLJ after 1 
week at 50°C/95%RH showing (a) O"xx, (b) (Jyy, (c) (Jzz and (d) 'txy . 
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Figure 6-35 . Contour plots of stresses in the CFRP adherend in the overlap area of the 
CFRP/FM73 SLJ after 1 week at 50°C/95%RH showing (a) <Jxx, (b) a yy, (c) azz and (d) 'txy. 
6.3.4 CFRP/AVFM73 double lap joint 
3D coupled stress diffusion analysis was used to assess the effects of moisture ingress 
into the CFRP/AlIFM73 double lap joint at the accelerated ageing conditions of 
50°C/95%RH and 70°C/80%RH. Symmetric boundary conditions present in the 
geometry was exploited to reduce the model size to a quarter if its original size. In 
order to show the three dimensional nature of the evolution of hygroscopic stresses 
present in the adhesive layer, cutting plane contour plots of stress in the adhesive 
layer at the shaded area indicated in figure 6-36 are utilised. Figures 6-37(a) & 6-
37(b) show the longitudinal stress (0xx) distribution across the overlap area for each 
condition at 1 week and figures 6-37(c) & 6-37(d) show the same distribution at 24 
weeks. The cutting planes indicate a higher stress level induced in the adhesive 
conditioned at 50°C/95%RH than in the adhesive conditioned at 70°C/80%RH. After 
1 week, for each condition, the stresses are induced only in the fillet area and around 
the edges of the overlap area, with most of the inner areas of the adhesive unstressed. 
At 24 weeks, stresses are induced in all areas of the adhesive, but in a non-uniform 
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manner, with higher stresses near the front edge of the overlap area, close to the CFRP 
end. It can also be seen that the longitudinal stresses generated are generally 
compressive in nature and the stresses near the front edge are asymmetrical owing to 
the anisotropic expansion of the CFRP adherend. 
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Figure 6-36. Schematic illustration of cutting plane and regions examined in the adhesive 
layer of the CFRP/AI DLJ. 
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Figure 6-37 . Cutting plane stress contour plots (crxx) in the adhesive of the CFRP/AI/FM73 
DLJ at 1 week at (a) 50°C/95%RH, (b) 70°C/80%RH and at 24 weeks at (c) 50°C/95%RH & 
(d) 70°C/80%RH 
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The peel stress distribution in the adhesive is presented in figures 6-38(a) and 6-38(b) 
at 1 week and figures 6-31 (c) and 6-31 (d) at 24 weeks. After 1 week, the stress 
distributions at each condition are non-uniform, with higher compressive stresses at 
the front edge and left hand side of the overlap area. There are tensile stresses 
generated about 2-4 mm from the front edge and unlike the longitudinal stress 
distribution, peel stresses exist in most areas of the adhesive. At 24 weeks, the peel 
stress distribution is still non-uniform with tensile stresses near the front edge and at 
the CFRP end of the overlap area. However, the high compressive stresses (about 12 
MPa) induced at the edge after 1 week are extensively reduced by 24 weeks to about 4 
MPa. However, the compression at the left hand side of the overlap area is only 
slightly reduced. 
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Figure 6-38. Cutting plane stress contour plots (Oyy) in the adhesive of the CFRP/AIIFM73 
DU at I week at (a) 50°C/95%RH, (b) 70°C/80%RH and at 24 weeks at (c) 50°C/95%RH & 
(d) 70°C/80%RH 
The distributions of the shear stress in the xy direction (txy) are at 1 week are 
illustrated in figures 6-39(a) and 6-39(b) for each ageing condition. Because of the 
orthotropic expansion of the CFRP adherend, shear stresses generated at the 
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aluminium end are compressive in the left hand fillet area but tensile at the start of the 
overlap area. At the right hand side of the overlap area, the fillet is largely unstressed 
for both ageing conditions. After 24 weeks at 50°C/95%RH, a larger area of the 
adhesive near the left hand side shows higher stress than seen at 1 week, while 
stresses in the opposite direction can be seen near the front edge. At 70°C/80%RH, 
the front edge area close to the right hand fillet shows a higher stress level, but lower 
levels of stress can be seen in most of the inner areas of the adhesive layer. 
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Figure 6-39 . Cutting plane shear stress contour plots (rxy) in the adhesive ofthe 
CFRP/AIIFM73 DLJ after 1 week at (a) 50°C/95%RH, (b) 70°C/SO%RH and after 24 weeks 
at (c) 50°C/95%RH & (d) 70°C/SO%RH 
Assessment of the shear stress in the yz direction ("Cyz) shows a higher variation of 
shear stress in the adhesive layer, as indicated in figure 6-40. This is expected because 
the CFRP adherend expands to a far greater extent perpendicular to the fibre direction 
than parallel to the fibre direction, as seen in table 6-5. Figures 6-40 (a) and 6-40(b) 
show the stress levels in the adhesive layer after 1 week at each ageing condition. The 
stresses are induced mostly near the front edge and do not exceed 7 MPa in each 
condition. The levels after 24 weeks are considerably higher near the front edge, with 
peaks near the right hand fillet of about 27 MPa. A similar comparison of the 
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evolution of the equivalent von Mises stress is shown in figure 6-41 for each 
condition and it is clear that the shear stress in the yz-direction contributes highly to 
the equivalent stress state in the adhesive layer and indicates that creep and failure 
initiation is likely to occur near the right hand fillet of the adhesive, with lower stress 
at the inner areas of the adhesive layer. The levels of stress predicted at the areas of 
stress concentration exceed the known failure stress of the adhesive at room 
temperature. 
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Figure 6-40. Cutting plane shear stress contour plots (ryz) in the adhesive ofthe 
CFRP/AIIFM73 DU after 1 week at (a) 50°C/95%RH, (b) 70°C/80%RH and after 24 weeks 
at (c) 50°C/95%RH & (d) 70°Cl80%RH 
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Figure 6-41. Cutting plane von Mises stress contour plots in the adhesive of the 
CFRP/AI/FM73 DLJ after I week at (a) 50°C/95%RH, (b) 70°C/SO%RH and after 24 weeks 
at (c) 50°C/95%RH & (d) 70°C/SO%RH 
The stresses induced in the CFRP adherend from swelling due to moisture ingress at 
50°C/95%RH at 1 and 24 weeks were also studied in order to characterise the effect 
of moisture diffusion on the CFRP adherend during the transient stage. Figures 6-
42(a) & 6-42(b) show the first principal stress contours (O"t) in the CFRP adherend at 
1 and 24 weeks respectively. After 1 week, the induced stresses are greatest in the 
region of the overlap area, especially near the front edge. After 24 weeks, as more 
swelling of the CFRP adherend has occurred, the stress distribution has changed 
significantly. High tensile stresses can now be seen further away from the overlap 
area, near the front edge of the joint. This is because in the overlap area, differential 
swelling occurs between the CFRP adherend and FM73 layer and the CFRP adherend 
is restricted to some extent close to the adhesive layer, thereby generating tensile 
stresses away from the overlap area. The principal stresses in the second direction (0"2) 
in the CFRP adherend are presented in figures 6-43(a) & (b). After 1 week, 
compressive stresses are induced close to the wet edges, adjacent to which is a small 
area of high tensile stress. As most areas of the CFRP adherend become wet, the 
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stresses continue to become more compressive close to the front edge of the overlap 
area. The third principal stress contours are presented in figure 6-44(a) & (b) and also 
shows a high magnitude of compressive stress close to the front edge of the CFRP 
adherend after 1 week, although this is reduced as most of the joint becomes wet after 
24 weeks and the stresses become more uniform. 
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Figure 6-42. Contour plots of first principal stress (al) in the CFRP adherend of the 
CFRP/AIIFM73 double lap joint at 50°C/95%RH after (a) 1 week and (b) 24 weeks. 
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Figure 6-43 Contour plots of second principal stress (a2) in the CFRP adherend of the 
CFRP/AIIFM73 double lap joint at 50°C/95%RH after (a) 1 week and (b) 24 weeks. 
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Figure 6-44. Contour plots of third principal stress (03) in the CFRP adherend of the 
CFRP/ AlIFM73 double lap joint at 50°C/95%RH after (a) 1 week and (b) 24 weeks. 
6.4 Summary 
Diffusion in bonded joints have been characterised using 2D and 3D FE models to 
detemline the most appropriate FEA models for diffusion modelling. The effects of 
the different diffusion coefficients and saturated moisture contents of the adhesive and 
CFRP adherend in the joints with permeable substrates have been taken into account 
in the analyses. It is clear that although moisture absorption in the middle of the joints 
can be reasonably predicted using 2D models, moisture diffusion is a fully three-
dimensional process and the 2D models were deficient at predicting the moisture 
content and concentration in the whole joint during the transient state, thereby making 
an adequate investigation of the effects of swelling due to moisture ingress possible 
only with 3D FEA models. 
Coupled 3D finite element analysis has been used to predict the transient and residual 
hygroscopic stresses that develop in the bonded lap joints as a function of exposure 
time in an accelerated ageing environment, taking into account the effects of moisture 
on the expansion and mechanical properties of the adhesive and CFRP substrates. The 
results show that moisture absorption induces significant stresses in the joints and 
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markedly different behaviour is seen for the cases of absorbing and non-absorbing 
adherend. This is largely attributed to the added complication of anisotropic 
expansion of the moisture absorbent CFRP adherend as the joint becomes wet. The 
hygroscopic stresses generated as a function of time in different hot/wet environments 
are fully three-dimensional and significant enough to promote the possibility of other 
effects such as creep or failure initiation. It should be noted here that because of the 
complexity of the situation involving hygroscopic stresses in these joints, the results 
are often non-intuitive and difficult to validate though other means. Because of this, it 
is essential that the various procedures used in the finite element analysis are 
independently tested and validated in order to gain confidence in the results generated 
by these models. 
In the next chapter, a comparison of experimentally measured and FEA predicted 
strains in joints subjected to mechanical loading, combined with the effect of thermal 
residual stress is presented. The strains measured from neutron diffraction and moire 
interferometry experiments are used to validate the predictions of strains arising from 
mechanical loading. 
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CHAPTER 7 
7 FEA Modelling and Experimental Validation of 
Mechanical and Thermo-mechanical Strains in Bonded 
Joints 
The work presented in this chapter is focused on the comparison of experimentally 
measured and FEA predicted strains in double lap joints subjected to mechanical 
loading, combined with the effect of thermal residual stress. By using both neutron 
diffraction (ND) and moire interferometry (MI) it is possible to quantify the effect of 
residual stresses alone, mechanical stresses alone or the combined effect of both 
residual and mechanical stresses. The residual strains in aluminium, steel and 
aluminiumlCFRP double lap joints were investigated using neutron diffraction by G. 
Swallowe at the Physics department, Loughborough University. This technique was 
also used to measure the total internal strain, i.e. including both residual and 
mechanical stress effects, in the aluminium adherends in a loaded AlICFRP joint. Full 
field surface strain owing to the mechanical stresses alone was measured using MI by 
P. Ruiz at Wolfson School, Loughborough University. All sets of experimental results 
were compared against FEA predictions. 
7.1 Introduction 
The complexity of the stress and strain distributions in bonded joints has led to the use 
of finite element analysis in the evaluation of the mechanical strains in bonded joints, 
with seldom any experimental verification of the predicted stresses and strains. Strain 
distributions within adhesively bonded double-lap joints under tensile load have been 
investigated experimentally in this work by using the complementary experimental 
techniques of neutron diffraction and moire interferometry. ND is capable of providing 
three dimensional strain maps within the samples, whereas MI gives high resolution 
maps of the in-plane strain components at the surface. The resulting comprehensive 
datasets obtained from aluminium, steel and CFRP/ AI/FM73 double lap joints were 
compared against Finite Element (FE) predictions. The importance of a range of 
factors (e.g. 2-D versus 3-D geometry, sample asymmetry, thermal residual strains) 
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was assessed through development of the FE model and detailed comparison with the 
experimental data. 
7.2 Experimental study 
7.2.1 Sample manufacture 
For the moire interferometry and neutron diffraction experiments, two additional types 
of bonded double-lap joint (DLJ) were manufactured. An aluminium double lap joint 
comprised of unclad 7075 T6 aluminium alloy adherends bonded with FM73 and a 
steel double lap joint comprised of EN16T mild steel adherends bonded with FM73. 
The aluminium adherends were prepared for bonding by degreasing in acetone and 
then etching in chromic/sulphuric acid before a final rinse in distilled water fo llowed 
by drying in an oven and the application of BR-127 primer. The steel adherends were 
grit blasted, degreased, demagnetised and subjected to a trication zinc phosphate 
surface treatment before bonding. After assembly, specimens were immediately cured 
under a pressure of 0.28 MPa taking 30 minutes to heat to 120°C and then holding for 
60 minutes at 120°C. The thickness of the adhesive layer was 0.13mm for the 
aluminium double lap joints and 0.05mm for the steel double lap joints. The 
dimensions of the joints are shown in figure 7-1 , together with the coordinate system 
used in this chapter. The aluminium adherends were 3 mm thick and the steel 
adherends were 4.9mm thick. 
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Figure 7-1. Dimensions of bonded double lap joints made of steel or aluminium adherends. A 
reflection crossed-lines diffraction grating RG was replicated on surface z = 9.2mm (12.5 mm) 
to measure strain maps with moire interferometry. 
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7.2.2 Measurement of surface strain using moire interferometry 
Moire interferometry is an attractive technique for measuring in-plane displacements 
and surface strains because large displacements and rotations can be measured [188-
194], without the limitations of speckle decorrelation. The drawback is that a 
diffraction grating must be replicated on the surface of interest on the sample. The 
measurement of surface strains were carried out by P. Ruiz and 1.M. Huntley at 
Loughborough University using two different interferometers: a laboratory setup 
operated on a vibration-isolated table and collimated illumination, and a portable 
interferometer that was used at the neutron spallation source facilities in order to make 
measurements simultaneously with the neutron diffraction measurements. The portable 
interferometer was constructed and operated at the neutron diffraction facilities, where 
environmental vibrations and convective currents had to be accounted for in the 
design. Further details of the experimental work can be found in [195] and [186]. 
Figure 7-2 shows a schematic view of the moire interferometer that was designed to 
measure surface strain distributions simultaneously with internal strain measurements 
using ND. In order to reduce the sensitivity of the system to vibration, a single optical 
fibre is used to deliver the light an this is diffracted by a pair of crossed gratings G, to 
produce two pairs of beams in the xz and yz planes. Mirrors (~) are used to steer the 
beams coming from the grating towards the sample S, which has a reflection 
diffraction grating replicated onto its surface. A diffraction grating replicated onto the 
steel double lap joint is shown in figure 7-3. By translating the gratings and imaging 
the sample with a high-speed camera C, phase shifted interferograms are obtained from 
which strain distributions are evaluated. 
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Figure 7-2. Schematic of moire interferometer showing: grating beam splitter G; piezoelectric 
transducer PZT; steering mirrors Mx; sample with replicated grating S; field lens L, ; imaging 
lens L2; high speed camera C 
Figure 7-3 . Diffraction grating on the steel double lap joint. 
The magnification of the system was used to change the field of view and spatial 
resolution of the system. Hence both large field of view experiments could be 
undertaken for comparison with the ND measurements and small field of view 
experiments could be carried out to compare with the FEA predicted strains in the 
adhesive layer. The location in which the high resolution experiments were made can 
be seen in figure 7-4. 
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Figure 7-4. Field of view indicating the region in which high magnification moire 
interferometry measurements have been performed. Only a part ofthe fillet is visible on the 
FOV around the upper right corner of the bottom adherend. 
7.2.3 Measurement of internal strains with neutron diffraction 
7.2.3.1 Tensile strains 
The strains induced by tensile loading in the interior of the adherends were measured 
by means of neutron diffraction using the ENGIN-X diffractometer at the ISIS 
spallation source in the Rutherford Appleton Laboratory, UK by G. Swallowe and Y. 
Yu of the Physics Department in Loughborough University. This measurement method 
is similar in concept to that of strain measurement using X-rays. The elastic 
deformations caused by stress alter the spacing of crystalline lattice planes within the 
material. High resolution X-ray or neutron diffractometers can detect these small 
lattice spacing changes and hence be used to measure the strain at specific points 
within the material. Two measurements of the lattice spacing are required: a zero strain 
reference measurement called do, and another measurement, in the region of interest, 
under load. The advantage of using neutrons rather than X-rays lies in the penetrating 
power of neutrons. Useful measurements can be made at depths of several cm in steel 
samples while standard X-ray sources are effectively limited to, at most, tens of 
microns [196]. Figure 7-5 shows a schematic view of the neutron diffraction 
-
experimental setup and figure 7-6 shows the areas in the joints where internal strain 
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measurements were made. Further details of the experimental study are available in 
[195]. 
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Figure 7-5. Schematic of the ENGIN-X neutron diffractometer at the ISIS spallation source in 
the Rutherford Appleton Laboratory, UK. 
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Figure 7-6. Internal strains were measured with Neutron Diffraction along profiles A and B, at 
the centre of the middle and upper adherends of the steel and aluminium double lap joints. 
7.2.3.2 Residual strains 
The residual strain neutron diffraction experiments were carried out by G. Swallowe 
using the REST diffractometer at the NFL laboratory in Studsvik, Sweden, during the 
first half of June 2005 (6th_17th). The neutron source at Studsvik is a 50 MW nuclear 
reactor. The neutron beam at the REST diffractometer is monochromatised, using a 
silicon monochromator to provide a beam of 0.17 om thermal neutrons. As is the case 
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with x-rays, the neutron method cannot be used with amorphous materials such as the 
adhesive layer or the epoxy in the composite. It was also seen that micro-crystals, such 
as those in the carbon fibre, produce such broad diffraction peaks that the very small 
peak shifts caused by stress could not be observed. All measurements were therefore 
made in the metallic components. 
The strain sensitivity or minimum strain that can be measured with neutron diffraction 
depends on the accuracy with which peak shifts are detected in the neutron spectra, and 
is ultimately limited by the data signal to noise ratio. This in turn depends on a number 
of factors: 
• The level of background radiation; 
• The number of neutrons counted, which depends on the neutron beam intensity 
and counting time (the latter being limited by the allocated time in the neutron 
diffraction facility); 
• The gauge volume (a large gauge volume reduces spatial resolution but 
increases the number of diffracted neutrons and hence the accuracy of the peak 
position estimation); 
• The number of crystals within the gauge volume (a small gauge volume with 
large crystals, e.g. Imm3 with 400~m average crystal diameter, will not 
contain enough crystals to satisfy the assumption that they are randomly 
distributed); 
• The texture within the sample, which leads to low amplitude diffraction peaks 
that further reduces the accuracy in peak position measurement, even with long 
counting times. In the experiments, the strain sensitivity was ~5 x 10-5, 
corresponding to a stress sensitivity of 4 MPa for the aluminium adherend. 
The experimental layout is illustrated in figure 7-7. The sample is mounted on a multi-
axis positioning stage with a O.lmm accuracy in the x, y and z directions so that the 
strain as a function of position within the sample could be mapped. Rotation of the 
sample relative to the incident neutron beam enables measurements of strain in 
different directions within the sample, and motion of the sample in the x, y, z, 
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directions relative to the defined gauge volume, which is fixed at the centre of the 
diffractometer, enables measurement of strain as a function of position within the 
sample. The positions of the measurement points chosen are shown in figure 7-8. 
Additional information of the experimental work can be seen in [186]. 
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Figure 7-7. Schematic ofthe of neutron strain measurement setup at the NFL laboratory in 
Studsvik, Sweden. 
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Figure 7-8. Positions of the gauge volume for residual strain measurements with neutron 
diffraction in the aluminium double lap joint 
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7.3 FE modelling of mechanical and thermo-mechanical strains 
7.3.1 Model development for the aluminium and steel double lap joints. 
The complexity of the stresses in bonded joints has led to the widespread use of finite 
element analysis in their study. However, meshing of these models is complicated by 
the small thickness of the adhesive layer compared with the other dimensions of the 
joint. It is usual practice, therefore to simplify the model in order to reduce the 
computational demands. Some of the main simplifications used in modelling bonded 
joints were investigated in this work. For the validation of strains due to tensile 
loading, the longitudinal strains in the adherends are used as the basis of comparison in 
this study as these can be directly compared with the data from the moire and neutron 
diffraction experiments. However, it should be noted that the various simplifications 
may have a different effect if alternative positions in the joints or different strain 
components are used as the basis of comparison. The commercial FEA software MSC 
Marc was used in all the modelling. Eight-noded reduced integration quadratic 
elements were used in the 2D models (element 53 for plane stress and element 54 for 
plane strain) and eight-noded isoparametric brick elements (element 7) with assumed 
strain formulation were used in the three-dimensional modelling. The assumed strain 
formulation was used because conventional isoparametric eight-node brick elements 
behave poorly in bending. In all cases, mesh refinement was continued until strains in 
the area of comparison differed by no more than 1 percent. 
One of the most efficient ways of simplifying the model is to use a two-dimensional 
representation, and this is illustrated in figure 7-9 for the aluminium double lap joint. 
In these models the simplified geometry shown in figure 7-9(a) was used. Note that, in 
this case, symmetry in the xz plane was used to halve the two-dimensional model size, 
and symmetry in the xz and xy planes was used to quarter the size of the 3D model 
[figure 7-9(c)]. Intuitively it may be supposed that the plane stress approximation 
would provide a reasonable approximation of the strains at the edges of the joint, 
whereas the plane strain would provide a better approximation of the strains in the 
middle of the joint. Figure 7-10 shows that the strains in the middle of the joint tend to 
be lower than the strains at the edges of the aluminium DLJ. It can also be seen that the 
plane stress approximation appears to be closer to the three-dimensional results than 
the plane strain approximation. Similar trends were seen with the steel DLJ. 
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The next source of simplification considered was geometric and material linearity. 
However, because of the symmetrical nature of the joint and the loads used in the 
experimental work, there was no discernible difference between the linear models and 
those employing geometric and material non-linearity. Another source of 
simplification is to employ symmetry to reduce the size of the model. In reality, 
however, the manufacturing process results in a certain degree of asymmetry, and this 
was investigated by comparing models with the idealized geometry of figure 7-9(a) 
with the more realistic geometry shown in figure 7-9(b). The geometry in figure 7-9(b) 
includes the adherend offset and fillets observed in the actual specimens used in the 
experimental measurements. 
It can be seen in figure 7-11 that the added geometrical detail makes only a small 
difference to the predicted longitudinal strains in the adherends, but larger differences 
are expected if the strains in the adhesive layer were investigated. Similar trends were 
seen with the steel joints. Load eccentricity was also investigated for the aluminium 
and steel DLJ, by offsetting the load point in the z-axis as values in this case as 
experimental values were not available. This has a potentially significant effect, but, as 
the predicted effects of load eccentricity were not seen in the experimental results, it 
was not a significant factor in this case. However, this was investigated in the CFRP/AI 
double lap joint, because of the unique loading conditions used for the moire 
interferometry measurements in that joint. Likewise, non-uniform bondline thickness 
and variations in the boundary constraints were investigated and found not to have a 
significant effect on the longitudinal strains in the adherend arms. The final 
simplification considered was whether to include the residual strains from differential 
thermal and hygroscopic expansion in the joints in the FEA. The latter were minimized 
by keeping the samples in a desiccator prior to testing, but the former was deemed 
worthy of investigation considering that the adhesive was cured at 120 cC and the 
experimental measurements were made at 20-25 cC. The results for both aluminium 
and steel joints can be seen in figure 7-12, and it is clear that in these cases the residual 
strains are secondary to those arising from the mechanical load. 
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Figure 7-9. Finite element meshes in the overlap region: (a) two-dimensional idealized 
geometry; (b) two-dimensional geometry with adherend offset and fillets; (c) three-
dimensional idealized geometry; (d) three-dimensional geometry with adherend offset and 
fillets. 
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Figure 7-12. Longitudinal strain predictions in centre of (a) middle adherend and (b) upper 
adherend in steel and aluminium double lap joints showing thermal residual strains. 
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7.3.2 Model development for the CFRP/Al/FM73 double lap joint. 
Various model simplifications such as joint offsets & misalignments, fillets, geometric 
approximations (i.e. plane strain & plane stress approximations) and idealised 
geometries of steel and aluminium double lap joints and their resultant effects on stress 
and strain prediction have previously been considered for the aluminium and steel 
double lap joints. However, the joints consisted only of metallic adherends, whereas 
the CFRP/AIIFM73 double lap joint has dissimilar adherends and these induce 
significant thermal residual stresses when compared to joints with adherends of a 
single material. For this joint, the measured adhesive fillets and adherend offsets were 
included in the model geometry. All models also accounted for material and geometric 
non-linearity. Typical meshes in the pin loading and overlap regions are shown in 
figure 7-13. 
For the CFRP/AI double lap joint, the full joint geometry was modelled with 44,8408-
node full integration 3D brick elements. MSC.Marc element 7 with assumed strain 
formulation was used for the adhesive and aluminium substrate whilst element 149, 
which is a 3D, eight-node composite brick element, was used for the CFRP. For the 
loaded joint, the load was applied via a pin, as in the experiments, using a rigid to 
deformable body contact analysis, with the pin as the rigid body and the joint as the 
deformable body. For the thermal residual stress analysis, an initial condition of 120°C 
was applied to the models and a uniform cooling rate was applied for a change in 
temperature of 100°C. Various misalignments and rotations of the pin were considered 
as possible sources of the asymmetry seen in the experimental strain fields. The 
loading conditions considered were symmetrical loading of the joint (Case I), loading 
with an angular rotation of 0.8° of the pin about the z axis (Case Il) and loading with 
rotation of 0.25° about the x axis (Case Ill). The angles of rotation were in case Il and 
case III were derived from an iterative process to give the best fit to the experimental 
results. The mechanical properties used in the analysis are set out in table 7-1. The use 
of quarter symmetry in the AIICFRP double lap joint was limited to Case I and half 
symmetry for the aluminium double lap joint due to offsets present in the joint. The 
model for the aluminium double lap joint consisted of 34,400 8-node full integration 
brick elements (MSC.Marc element 7 with assumed strain formulation). 
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Lx 
(c) 
Figure 7-13. FEA mesh for the CFRP/AIIFM73 double lap joint showing (a) pin used for 
loading, (b) &(c) detail of the overlap area. 
7.3.3 Structural zooming analysis 
For comparison with the high magnification moire interferometry measurements, 
highly refined 3D FE models were considered for the aluminium and CFRP/AI double 
lap joints. In order to reduce the complexity of the model and computational demands, 
the model was simplified without compromising the results. The adhesive fillets and 
offsets are included in the model geometry and only a quarter of the joint was 
modelled due to symmetry. The joint was modelled using 8 node full brick 3D 
elements with assumed strain formulation for the adhesive and aluminium adherends 
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and 8 node 3D composite brick elements for the CFRP adherends. Owing to the high 
resolution of strains required over a small area, the structural zooming function in 
MSC.Marc was used to improve the strain results. This structural zooming analysis 
typically involves a global model containing global results and a local model to obtain 
refined results in the region of interest. Figure 7-14(a) shows the global mesh used and 
figure 7-14(b) shows the local mesh refinement in the fillet area for the local model. 
For each joint, a 7 kN load was applied along the x-axis and the material properties 
used are presented in table 7-1. 
(a) (b) 
Figure 7-14. FEA mesh for the double lap joint showing (a) global model and (b) local model 
refinement of the fillet area. 
Table 7-1 Material properties for joint constituents at 23°C 
IM7/8552 7075-T6 FM73 Unidirectional CFRP Aluminium 
Ell (GPa) 165 72.4 2.35 
E22(GPa) 10.6 72.4 2.35 
E33(GPa) 10.6 72.4 2.35 
G12 (GPa) 5.12 27.2 0.83 
Gl3 (GPa) 5.12 27.2 0.83 
G32(GPa) 3.92 27.2 0.83 
1)12 0.30 0.33 0.40 
1)23 00487 0.33 0040 
1)31 0.021 0.33 0040 
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7.4 Results 
7.4.1 Steel double lap joint 
Figure 7-15 shows the experimental results obtained with moire interferometry for the 
steel DLJ with a relative tensile load of 8.8 kN. The horizontal displacement u(x, y) in 
figure 7-15 was obtained from interferograms recorded for a preload of 0.4 kN and for 
a final load of 9.2 kN. The data outside the region of interest and those points with low 
interference modulation, such as the adhesive layer, were masked for clarity. The 
asymmetry of the horizontal displacements with respect to the middle axis of the joint 
is apparent, except for the top left corner of the middle adherend. This is most probably 
due to bending introduced by the pin loading. 
o 
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Figure 7-15. Moire Interferometry measurements of horizontal displacement u(x, y), obtained 
at the grating (RG) surface of a steel DU under a tensile load of 8.8 kN . 
Figure 7-16(a) shows the longitudinal strain contour map in a steel DLJ obtained from 
MI by differentiation of figure 7-15. Figure 7 -16(b) shows contour plots corresponding 
to FEA plane stress predictions with idealized geometry, and figure 7-16(c) shows 
those corresponding to 3D FEA with offset and fillets. It can be seen that, in general, 
similar levels and patterns of strain are seen in the MI and FEA strain maps. However, 
it is notable that there is a greater degree of asymmetry in the MI strain map than for 
the FEA strain map even when using the model corrected for adherend alignment and 
asymmetric spew fillets . However, in these joints the fillets and adherend offset were 
small and hence the lack of asymmetry in the FEA contour plot is not surprising. There 
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are obviously further sources of asymmetry not accounted for in the FEA. This could 
be another aspect of the sample geometry or some material effects, although the most 
likely source is probably the representation of the loading and boundary conditions. In 
any case it is not something that is immediately identifiable from observation and 
measurement of the sample. 
Figures 7-17(a) and (b) show comparisons between FEA and MI longitudinal strains in 
the centre of the middle adherend and in the centre of the outer adherends in a steel 
double lap joint under a load of 9.2 kN. Both the two-dimensional symmetric and the 
three-dimensional asymmetric model agree quite well with the MI results for the 
middle adherend, with the greatest difference being observed at the ends of the 
overlap. The difference between the FEA and MI results are greater for the outer 
adherends. This discrepancy could be due to the sensitivity of the interferometer to 
elevation tilt of the sample (rotation about the loading axis x), which introduces a strain 
gradient that Increases as the distance from y=O becomes greater. 
This was overcome when analysing the aluminium DLJ by using an interferometer 
with collimated illumination, as described in section 7.2.2. The ripple observed in the 
MI data is a consequence of phase shift variations introduced by vibration between 
consecutive interferograms while recording them in the non-vibration-isolated 
envirolIDlent of the ENGIN-X laboratory. 
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Figure 7-16. Longitudinal strain contour maps in steel DLJ with a load of9.2 kN. (a) Moire, 
(b) plane stress FEA with idealised geometry, (c) 3D FEA with offset and fillets. 
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Figure 7-18 shows a comparison between FEA predictions and ND measurements of 
longitudinal strain (Exx) data in the interior of a steel DLJ with a tensile load of 7 kN. It 
can be seen that the agreement between the predicted and measured internal strains is 
good over most of the overlap for the outer adherend. However, results differ for the 
middle adherend, with the FEA tending to predict lower strains than those measured in 
the ND experiments. There are two possible sources of inaccuracy in the ND data. The 
first is that the measured strain is critically dependent on the chosen value of the 
un strained lattice constant dO. An inaccurate value of dO will produce a vertical shift in 
the strain plot but will not alter its shape. The second source arises from the very small 
strains produced in steel under the loads used in these experiments as a consequence of 
the large elastic modulus of steel. This considerably increases the uncertainty of the 
results, as can be seen by the relatively large error bars compared with the aluminium 
data described later. The lack of agreement between the ND and FEA results in the 
middle adherend of the steel sample is likely to be due to a combination of these 
factors , although bending, as described above in relation to figure 7-16, may also be a 
contributing factor. 
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Figure 7-18. Longitudinal strains in centre of (a) middle adherend and (b) upper adherend in 
steel DLJ with a load of7 kN. Comparison of FEA and NO results. 
7.4.2 Aluminium double lap joint 
7.4.2.1 Thermal residual strains in the aluminium double lap joint 
Neutron Diffraction vs. FEA 
Figure 7-19 shows the residual longitudinal strain measured by means of neutron 
diffraction inside an AIIAI joint together with FEA predictions for different positions 
along the middle adherend (lYl<1.Smm) and the outer adherends (lYl> 1.Smm). All 
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measurements resulted in residual strain magnitudes below 2 x 10-4, scattered around 
zero strain, and agree to within the ND sensitivity level with the FE predicted strains, 
which are very close to zero. These results confirm experimentally, for the first time, 
the widely used assumption that the combination of thermal and curing stresses in a 
joint with similar adherends is negligible compared with the strains associated with the 
mechanical loads to cause failure of the joint. 
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Figure 7-19. Predicted FEA and neutron diffraction measured residual longitudinal strains (cxx) 
in the alumini um doub le lap joint. 
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7.4.2.2 Aluminium double lap joint under tensile load 
LMMlvs. FEA 
Figure 7-20 shows the experimental results obtained with moire interferometry for the 
aluminium DLJ at the grating surface and under a tensile load of 7.34 kN. The fringes 
in figure 7-20(a) were obtained from interferograms recorded for a preload of 0.06 kN 
and for a final load of 7.4 kN. The data outside the region of interest and those points 
with low interference modulation such as the adhesive layers have been masked for 
clarity, as before. The fringes with respect to the middle axis of the joint show a very 
good degree of symmetry, which is indicative of the absence of significant bending 
moments. The horizontal displacement u(x, y) obtained from the fringes, is shown in 
fi gure 7-20(b). 
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Figure 7-20. Moire Interferometry experimental results obtained at the grating surface of an 
aluminium double lap joint under a tensile load of7.34 kN. (a) Fringes and (b) horizontal 
displacement u(x, y). 
218 
Chapter 7: FEA modelling and experimental validation of mechanical and thermo-mechanical strains 
Figure 7-21(a) shows the longitudinal strain contour map in the aluminium DLJ with a 
load of 7.34 kN as obtained with MI by differentiation of figure 7-20(b). Figure 7-
21 (b) shows contour plots corresponding to FEA plane stress predictions with idealised 
geometry and figure 7-21(c) shows those corresponding to 3D FEA with offset and 
fillets. The agreement between the level and distribution of strain in the MI and FEA 
contour maps is very good. There is, again, some asymmetry in the MI contour map, 
although not as great as that seen in the steel DLJ. The asymmetry in the 3D FEA 
contour map, however, is greater than in the steel DLJ and this can be attributed to the 
greater degree of adherend offset, which is clearly seen by comparing figures 7-16 and 
7-21. However, there is still a difference between the asymmetry in the FEA and MI 
contour maps, again, suggesting an additional source of asymmetry not accounted for 
in the FEA. 
Figures 7-22(a) and (b) show a comparison between MI measurements and FEA 
predictions of the longitudinal strains (Exx) measured in the centre of the middle 
adherend and upper adherend, respectively, in the aluminium DLJ with a load of 10 
kN. The agreement between the MI and FEA is very good over most of the overlap for 
the middle adherend. It can be seen that there is a small divergence of the predicted 
and measured strains between approximately 2 and 10mm and that in this region the 
3D asymmetric model is closer to the MI results than the plane stress symmetric 
model. The agreement between the FEA and MI is even better for the outer adherends, 
although the difference between upper and lower adherend is greater in the MI 
measurement than that predicted by the FEA. This may indicate that there are 
additional sources of asymmetry to those considered in section 7.3.1 that are affecting 
the resul ts. 
Figure 7-23(a) and (b) present a comparison between ND measurements and FEA 
predictions of longitudinal strain (sxx) along the centre of the middle adherend and 
close to the centre of one of the outer adherends for a tensile load of 10 kN. There is 
generally a good agreement between the ND and FEA. The biggest deviation is in the 
middle adherend between 5 and 12mm. Interestingly, this is also where the greatest 
difference was seen between the MI and FEA for the same sample, as seen in figure 7-
22(a). This is another indication that this is a ' real ' effect caused by some aspect of the 
idealization of the joint not considered in section 7.3.1. During the ND experiments, 
219 
Chapter 7: FEA modelling and experimental validation of mechanical and thermo-mechanical strains 
and in order to increase the signal to noise ratio, a gauge volume of 1.5x1.5xlOmm3 
was used for these measurements, as shown in figure 7-6. This was achieved by 
rotating the sample 90 degrees around the loading axis. This configuration is not 
possible when measuring with the portable interferometer at the same time because the 
grating is not accessible. As with the moire data there is excellent agreement with the 
FEA predictions. The same divergence is observed between the ND and FEA results 
between 2 and 10 mm in the central adherend as was seen with the MI data. This 
confirms the speculation that additional sources of asymmetry, not included in the FEA 
models, must be present. 
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Figure 7-21. Longitudinal strain contour map in the aluminium DLJ with a load of7.34 kN. (a) 
Moire; (b) plane stress FEA with idealised geometry; (c) 3D FEA with offset and fillets . 
220 
Chapter 7: FEA modell ing and experimental validation of mechanical and thermo-mechanical strains 
0.0018 
0.0015 
c 0.0012 
nJ 
a.. 
1;; 
nJ 
c 
0.0009 
" ::l ~ 0.0006 C\ 
c 
0 
....I 
0.0003 
0 
0 
0.0012 
0.0009 
c 
nJ 
a.. 
1;; 0.0006 
nJ 
c 
.-
" ::l ~ 
C\ 
c 0.0003 
0 
....I 
- Plane stress, no fillet or offset 
• 3D with fillet & offset 
b. Moire 
5 10 15 20 25 
Overlap length, mm 
Ca) 
- Plane stress, no fillet or offset 
• Offset and fillet (upper) 
• Offset and fillet (lower) 
o Moire (upper) A 
/:, Moire (lower) 
.I!~ 
• 
30 
o ~-----r----~r-----~----~------r-----~ 
o 5 10 15 20 
Overlap length, mm 
Cb) 
25 30 
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HMMlvs. FEA 
Figures 7-24(a) and 7-24(b) show the fringes obtained using temporal phase shifting 
for horizontal and vertical sensitivity respectively, when a tensile load of 7 kN is 
applied to the aluminium DLJ. Figure 7-24(c) shows the engineering shear strain 
obtained in this way in the fillet region of the adhesive layer, in the field of view 
indicated as "FOV" in figure 7-4. A region of strain concentration is clearly visible on 
the positive side of the horizontal axis close to the (0, 0) position. Figure 7 -24( d) 
shows the engineering shear strain FE prediction when the structural zooming model is 
used. 
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Figure 7-24. High magnification Moire Interferometry measurements in the adhesive layer for 
the aluminium DLJ under 7 kN tensile load: (a) fringes obtained for horizontal sensitivity; (b) 
fringes obtained for vertical sensitivity; (c) engineering shear strain; (d) FE prediction of the 
engineering shear strain. 
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7.4.3 CFRP/Aluminium double lap joint 
7.4.3.1 Thermal residual strains in the CFRP/AI double lap joint 
Figure 7-25 shows the calculated and measured longitudinal (cxx) and peel (cyy) them1al 
residual strains in the CFRP/Al double lap joint for different positions along the middle 
line of the outer aluminium adherends (in this sample the middle adherend consisted of 
unidirectional CFRP). Within the accuracy limits, good agreement is observed between 
the measured and FEA predicted strains in four out of six points measured in figure 7-
25(a) and in four out of five points in figure 7-25(b). The maximum predicted 
longitudinal residual strain of 4.5 x 1 0-4 agrees well with the measured values at the 
middle of the joint length (x~6mm). These are well in excess of the maximum values 
of ~ 10-5 strain predicted for the aluminium double lap joint, and confirms that 
CFRP/AlIFM73 joints with a high temperature curing adhesive will have considerable 
residual stresses before the application of any load. These stresses should therefore be 
taken into consideration before any realistic modelling of applied load can take place. 
The 7075 alloy used had a yield strength of ~ 530 MPa and the residual stresses were 
all well below yield with maximum measured values of 9 MPa in the aluminium 
double lap joint and 31 MPa in the CFRPI Al joint. The maximum predicted stresses in 
the FE models were also all well below the yield strength of the aluminium substrate. 
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Figure 7-25. Neutron diffraction results and FEA predictions of longitudinal and peel strain for 
the CFRP/Al double lap joint. 
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7.4.3.2 CFRP/AI double lap joint under tensile load 
Neutron Diffraction vs. FEA 
Figure 7-26 shows a comparison between the longitudinal strains in the CFRP/AI 
double lap joint measured by neutron diffraction under a load of 5 kN, and the 
corresponding FEA predicted values. The data illustrated is only for the aluminium 
adherend, as before, and for this reason the measured range along the x axis goes 
beyond the joint overlap length of 12.5mm. 
The FEA results In tills plot were averaged over the experimental gauge volume 
(1.0 x 1.0x lOmm) from the interior of the sample (on the plane z = 0) to correspond 
with the neutron diffraction results and the error bars indicate the upper and lower 
limits of the FE results over the gauge volume. As the neutron diffraction results 
include both mechanical and residual stress effects the first FEA model included both 
mechanical and thermal residual stress effects. However, it can be seen in figure 7-26 
that this model tends to over predict the strains seen in the neutron diffraction 
experiments. For tills reason an FEA model with only the mechanical load effects was 
also generated and it can be seen in figure 7-26 that the neutron diffraction results lie 
in-between the predicted strain plots with and without the thermal stress effects. This 
would indicate that there was some relaxation of the residual stresses in the joint. As 
these measurements were made some months after the residual stress only 
measurements, a possible explanation is that the adhesive layer has absorbed moisture, 
which will cause it to expand and produce an opposite effect to that caused by the 
differential thermal contractions of adherend and adhesive when cooling from the 
curing temperature. Alternatively, the relaxation may be associated with the sustained 
mechanical loading the joint was subjected to in order to make the neutron diffraction 
measurements. 
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LMMlvs. FEA 
Figure 7-27(a) shows a full field distribution of the longitudinal strain &xx across the 
lateral face of the CFRP/AI double lap joint under a tensile load of 5 kN. The strains 
have been obtained by differentiating the displacement field measured with MI using 
the system described in section 7.3. A gauge length of ~lmm was used in the 
differentiation stage to reduce sensitivity to noise in the displacement data. Figure 7-
27(b) shows the corresponding plot of the longitudinal strain &xx predicted with FEA. 
Unlike the data shown in figure 7-24, residual stresses are not included in the FEA 
results from figure 7-27 onwards because the MI technique measures only the 
deformation induced by the directly-applied load. The measured results show signs of 
asymmetry in the upper and lower adherends and figure 7-28 shows comparison plots 
of the strain values from the MI data and FEA results along lines in the sample parallel 
to the x axis for different y values. The comparison between the FEA predictions and 
MI measurements of the longitudinal strains shows good agreement, generally within 
5%, except near the free ends of the aluminium adherends. The FEA predictions show 
equal strains for both upper and lower adherends while the MI results are not the same 
for both adherends. This indicates the presence of an asymmetrical influence on the 
joint. The outer adherends results also show a deviation from the predicted results at 
the edges of the overlap area. Figure 7-29 shows comparisons of longitudinal strain &xx 
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between Case I predictions and MI results at two other y positions along the joint. Both 
lines are within the CFRP adherend, which extends from y = -2.1 mm to y = 2.1 mm. 
The MI measurements are on average about 16% higher than the predicted values, but 
show the same trend and shape. 
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Figure 7-27. Comparison between (a) M1 resu lts and (b) FEA predictions of longitudina l strain 
obtained at the surface of the CFRP/ AI joint under a tens ile load of 5 kN. 
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Figure 7-29. MI measurements vs. FEA predictions of longitudinal strain distributions across 
the overlap length of the AIICFRP joint at different distances from the joint central axis (y= 0). 
As indicated in Section 7.3.2, the FEA model was modified to allow for pin loading 
and also for rotation of the loading pins (Case I, Case II and Case Ill) . The rotation of 
the pin in Case III results in different predictions for the front and rear faces of the 
joint, and these are denoted by Case III-l and Case III-2 respectively. Figure 7-30 
compares the MI data with the revised FEA models along the centre line of the joint, in 
the CFRP adherend. Case II and Case III-2 provide marginally better agreement than 
the other two cases, but all predictions are within about 5% of the experimental 
measurement. 
Figure 7-31 shows the equivalent comparison to figure 7-30 but, in this case, in the 
aluminium adherend at y = 3.4 mm for figure 7-31(a) and y = -3.4 mm for figure 7-
31 (b). The figures indicate that the rotations result in asymmetry of the predicted 
results, but do not fully account for the asymmetry measured in the experiments. While 
Case III-2 provides the closest match in the lower adherend, it does not do so in the 
upper adherend. These results show that small rotations or bending of the sample under 
load can have marked influence on the resulting strain distributions but do not fully 
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explain the results seen in the MI measurements. Further modifications to the FEA 
model that were investigated included: variations in the CFRP material properties, 
variations in temperature, moisture absorption and geometric variations. Whilst these 
all had some effect on the FEA results, none provided a significantly improved match 
to the MI results. 
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Figure 7-30. Ml measurements vs. FEA predictions of longitudinal strain distributions across 
the overlap length of the AIICFRP joint. Differing pin rotations were modelled with FEA at y= 
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HMMlvs. FEA 
Figures 7-32(a) and 7-32(b) show the fringes obtained when a tensile load of 7 kN is 
applied to the CFRP/AI DLJ. Figure 7-32(c) shows the engineering shear strain 
obtained within the adhesive layer in the spew fillet region of the joint in the field of 
view denoted FOY on figure 7-4. The predicted FE shear strain distribution is shown 
in figure 7-32(d). The black regions in figure 7-32 (a)-(c) correspond to a digital mask 
that was used to exclude pixels with low intensity modulation in the original 
interferograms. Those pixels were not taken into account for phase evaluation or strain 
calculation. 
A region of strain concentration is not clearly visible in figure 7-32(c) close to the (0,0) 
position, as it is in the case of the aluminium double lap joint. In part this is due to the 
fact that smaller strains occur, which are within the noise level of the system. This 
noise comes from imperfections in the surface of the grating replicated onto the joint 
and also from ripples due to the phase shifting algorithm, which lead to spatial phase 
fluctuations that are further amplified by differentiation when the strains are evaluated. 
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Figure 7-32. High magnification Moire Interferometry measurements in the adhesive layer for 
a CFRPI AI DLJ under 7 kN tensi le load: (a) fringes obtained for horizontal sensitivity; (b) 
fringes obtained for vertical sensitivity; (c) engineering shear strain; (d) FE prediction of the 
engineering shear strain . 
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7.S Summary 
Non-invasive measurements of internal strains by neutron diffraction were able to 
characterise the residual strains caused by the combined effects of thermal and curing 
stresses in adhesive double lap joints. It has been shown that in joints with similar 
adherends, these stresses are small. FEA predictions of the strains produce low values 
and the neutron diffraction experiments confirmed this. However, in a joint with 
dissimilar adherends such as the CFRP/AI double lap joint, the predicted and measured 
strains showed close agreement in their spatial distribution and magnitude. Within the 
accuracy limits of measurements using neutron diffraction, the experimental work has 
confirmed the FEA predictions and shown that significant strains exist in a CFRP/AI 
DU before the application of any load. It is therefore important that these strains are 
considered in any prediction of in-service joint behaviour. 
In general there is good agreement between the strains predicted in mechanically-
loaded CFRP/AI, aluminium and steel double lap joints using FEA and those measured 
using LMMI. The strain fields from the LMMI experiments showed some 
asymmetrical component and this was investigated in the FEA models by introducing 
asymmetry to the sample geometry and the applied boundary conditions. These 
affected the predicted strain fields and partially improved the comparison of the 
predicted and measured strains, but nevertheless some discrepancy between the LMMI 
and the FEA results remained. However, although the strain measurements with 
HMMI were able to indicate the areas of strain concentration in both the aluminium 
and CFRP/AI double lap joints, there is some difference with the predicted strains 
owing to experimental errors as a higher sensitivity is required to reduce the errors in 
the system. 
In conclusion, it is clear that FEA can be used to accurately predict strains in the 
adherends of bonded lap joints and that many of the simplifications of the joints 
commonly used in the mechanical analysis of bonded joints are justified as including 
them results in relatively small differences compared with sample to sample variation 
and the safety factors used in designing bonded joints. 
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CHAPTER 8 
8 Modelling Hygro-Thermo-Mechanical Stresses in Bonded 
Joints 
In this chapter, analytical and numeric techniques have been employed to assess the 
combined effects of thermal stress, hygroscopic stress and the resultant stress state when 
mechanical load is applied to the joint with the stress and strain history from the hygro-
thermal stress state. A modelling procedure was developed which closely mirrors the 
conditions to which the adhesive joints were exposed, from high temperature cure to 
exposure to accelerating ageing conditions, followed by the application of mechanical 
load. In the following sections, combined thermal stress analysis, diffusion modelling and 
hygroscopic stress analysis for a hot/wet environment (50°C/95%RH) are presented. 
8.1 Introduction 
Hot/wet environments are known to strongly affect the properties of epoxy adhesives and 
CFRP composites [197]. The environmental degradation of adhesive joints is also known 
to affect the residual stresses and strains present in the joints [35, 198], but the full effect 
of the environment on the 3D stress state has not been explored to date, owing to the 
complex stresses present and the demanding computational requirements of such an 
analysis. 
In this chapter, the combined effects of thermal stress, hygroscopic swelling and 
mechanical loads on the stress state in adhesive joints in a hot/wet environment have 
been assessed using 3D FEA. This is necessary in order to fully capture the three 
dimensional nature of the stresses and the implication of these stresses on possible failure 
of the joint. 
8.2 Modelling hygro-thermo-mechanical stress evolution 
The stresses generated from thermal expansion and contraction in bonded joints and 
stresses owing to hygroscopic expansion from moisture ingress in bonded joints have 
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been previously modelled in section 6.3. However, in order to predict failure in aged 
joints, it is necessary to model the combined effects of the thermal and hygroscopic 
stresses on bonded joints and the interaction of mechanical loads on the hygro-thermal 
stress state. For the adhesive joints examined in this study, the flow chart representing the 
processes the joints undergo and the necessary FEA analysis required at each stage are 
indicated in figure 8-1. The coupled FEA analyses used were accomplished in MSC.Marc 
using a coupled algorithm (i.e. including all coupling effects in a staggered algorithm 
where a transient diffusion or thermal analysis is carried out before a stress analysis for 
each increment). The Pre-State function in MSC.Marc was used to preserve the stress, 
strain, displacement, moisture and temperature history, through each stage indicated in 
the flowchart, culminating with the application of mechanical load. 
Cure at 120°C 
Thermal Residual 
Stress Analysis 
, r 
Room 
Temperature 
(20°C) 
Thermal Stress Analysis 
, , 
Accelerated Ageing 
Condition 
(Le. SO°C/95%RH) 
Coupled Stress 
Diffusion Analysis 
... 
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Degraded Joint at 
Ageing Condition 
Coupled Thermal 
Stress Analysis 
" 
Degraded Joint at 
20°C 
Application of 
Mechanical Load 
" 
Degraded Joint 
under Mechanical 
Load at 20°C 
Figure 8-1. Hygro-thermo-mechanical (HTM) analysis framework for adhesively bonded joints 
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8.3 Assessment of hygro-thermal stress in AI/FM73 bimaterial strip 
Hygro-thermal stresses were assessed in the AlIFM73 bimaterial strip, as the swelling 
due to moisture absorption in the FM73 layer is expected to cause significant stress 
relaxation, as indicated in previous work by Yu et al [164, 179], & Loh et al [3S] and this 
can be measured from changes in the deflection of the strip. Table 8-1 shows the 
dimensions of the Ai/FM73 bimaterial strip. 
Table 8-1 . Dimensions of the bimaterial strips 
Bimaterial Strip length Adhesive Adherend Width Length-width 
laminate thickness Thickness [mm] ratio 
[mm] [mm] [mm] 
AlIFM73 120 0.32 0.10 24 S 
Non-linear coupled stress diffusion finite element analysis was carried out using 2D and 
3D FEA models to simulate the effect of moisture absorption on the bimaterial laminate 
at SO°C/9S%RH. The models used are similar to the models developed for the 
investigation of thermal residual stress in the bimaterial strip as described in section S.3, 
with the inclusion of moisture dependent material properties. It is assumed that there is 
no moisture diffusion through the bimaterial interface. The results from the 2D and 3D 
analyses are compared in table 8-2 for a 3D and generalised plane strain (OPE) model. 
The predicted maximum deflection of the bimaterial strip is reduced when heating to 
50°C from room temperature by about 19% in the 2D model and 23% in the 3D model. 
However, when fully saturated at 50°C/9S%RH, the 2D model predicts a reduction of 
63% in the maximum deflection going from dry to fully wet at SO°C/9S%RH while the 
3D model predicts a reduction of 68%. This indicates that there is significant reduction in 
the stresses caused by thermal contractions when the joint is exposed to moisture. The 
evolution of the maximum deflection of the strip at SO°C/9S%RH for both 2D and 3D 
models is shown in figure 8-2. Both models indicate that the bimateriallaminate becomes 
fully saturated after about 168 hours. 
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Table 8-2 FEA maximum deflection values for AI/FM73 bimaterial strip 
Condition GPE 3D Solid 
[mm] [mm] 
20°C (Dry) 40.57 39.75 
50°C (Dry) 33.02 30.49 
50°C/95%RH (saturated) 12.60 9.70 
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Figure 8-2. Pred icted evolution of maximum deflection (b) ofthe AI/FM73 bimaterial str ip with 
time at 50°C/95%RH for 2D and 3D FE models 
The experimental and predicted deformed shapes of the bimaterial strip at 20°C are 
compared in figure 8-3. The predicted shape when dry at 50°C is shown in figure 8-4 and 
when saturated at 50°C/95%RH in figure 8-5. A change in the curvature of the sample is 
seen when it is exposed to the elevated temperature of the conditioning environment, 
owing to a combined effect of relaxation from thermal expansion and reduction of the 
modulus of the adhesive. Further reductions in the maximum deflection and curvature of 
the sample is seen when it is fully saturated with moisture, indicating that swelling and 
plasticisation of the wet adhesive results in a further reduction of the bending stresses in 
the bimaterial strip. This is in agreement with the experimental studies carried out by Yu 
et al [164]. 
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(a) 
(b) 
Figure 8-3. Deformed bending profiles for the AI/FM73 bimaterial strip for (a) experimental at 
20°C, (b) 3D FEA at 20°e. 
Figure 8-4. Predicted bending profile for the AI/FM73 bimaterial strip at 50°C using 3D FEA. 
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Figure 8-5 . Predicted bending profile for the AI/FM73 bimaterial strip when fully saturated at 
50°C/95%RH using 3D FEA 
The effect of moisture absorption on the predicted stresses in the bimaterial strip at 
maximum deflection was investigated using the 3D solid model for the AI/FM73 
bimaterial strip and figure 8-6( a) compares the longitudinal stress (C5xx) across the length 
of the strip at the edge and figure 8-6(b) compares the longitudinal stress (C5xx) at the 
centre. The stress results are shown with respect to the local element coordinates due to 
the large displacement and seen in the bimaterial strip. Both comparisons show a 
significant reduction in the thermal longitudinal stress present in the bimaterial strip on 
exposure to moisture. A similar comparison of the transverse stress (C5zz) predicted in the 
bimaterial strip is shown in figure 8-7(a) and 8-7(b). In this case, there is about at least a 
60% reduction in the predicted stress at the edge and centre. However, the line plots do 
not indicate the stresses in other areas of the FM73 layer. As moisture diffusion is three 
dimensional, cutting plane contour plots of stress in the z-direction were compared in 
order to examine the stress distribution across the length of the adhesive layer. Figure 8-
8(a) and 8-8(b) show the longitudinal stress distribution across the adhesive layer when 
dry at 50°C and fully saturated at 50°C/95%RH respectively. It should be noted that only 
a quarter of the strip is modelled, owing to symmetry. The highest stresses are close to 
the middle of the adhesive layer when dry and it can be seen that there is a non-unifoffi1 
distribution in the overlap area. When fully saturated, there is a more uniform stress 
distribution near the centre of the overlap area, but the stress levels are lower in 
magnitude. The comparison of transverse stress in figure 8-9(a) and 8-8(b) also show 
significantly lower stresses in the overlap area when the sample is saturated with 
moisture. 
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Figure 8-6. Comparison of longitudinal stresses (O'xx) across the length of the FM73 layer when 
dry and fully saturated at 50°C at (a) the edge and (b) the centre of the strip length. 
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Figure 8-8 . Cutting plane contour plots of longitudinal stresses (jxx) across the length of the 
FM73 layer when (a) dry at 50°C (b) fully saturated at 50°C/95%RH 
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Figure 8-9. Cutting plane contour plots of transverse stresses (jzz) across the length of the FM73 
layer when (a) dry at 50°C (b) fully saturated at 50°C/95%RH 
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8.4 Assessment of hygro-thermo-mechanical stress in bonded joints. 
8.4.1 Aluminium single lap joint 
The predicted effects of moisture ingress over time in the AlIFM73 single lap joint with 
thermal residual stresses present, when exposed to the 50°C/95%RH accelerating ageing 
condition are presented along profiles 'A-A', ' B-B ' & ' C-C' in figures 8-10, 8-11 and 8-
12 respectively. Figure 8-13(a) shows the evolution of hygro-thermallongitudinal stress 
(crxx) in the adhesive over 78 weeks along profile 'B-B ' . After 1 week, swelling due to 
moisture ingress at the fillet area, together with plasticization of the adhesive, has an 
immediate stress reducing effect. The stresses continue to decrease in the wet areas of the 
adhesive with time as the whole of the adhesive becomes saturated from the edges to the 
middle of the joint. After 78 weeks, the stress level away from the fillet areas has reduced 
by about 40%. Figure 8-13(b) shows the longitudinal stress development across the 
overlap width in the middle of the adhesive (profile ' C-C' as indicated in figure 8-12). A 
similar trend to that seen along the overlap length is repeated here. Stresses are reduced 
significantly up to about 2-3 mm from the exposed edge after 1 week while the level of 
stress in most of the inner areas of the adhesive remain unaffected. The hygroscopic 
stresses, due to swelling of the adhesive, tend to counteract the effect of the thermal 
stresses and as moisture permeates to the middle of the joint, and the joint becomes 
uniformly saturated, the stresses become more uniformly distributed. It is also notable 
that moisture ingress and saturation also lower the tensile modulus of the adhesive, thus 
reducing the magnitude of the stresses generated. 
A comparison of longitudinal stress predictions along profile ' B-B' for each accelerated 
ageing condition, when dry and after 78 weeks of moisture ingress is presented in figure 
8-14. The plots indicate that thermal stress in the adhesive at 70°C is approximately 50% 
lower than at 50°C. When the joint is fully saturated at 50°C/95%RH, there is a 44% 
decrease in the stress level, although the shape is similar to when dry. However, the 
difference between the stresses when saturated at 50°C/95%RH and 50°C/water 
immersion is small, even though the hygroscopic expansion coefficient is 60% higher 
when immersed. This small difference is because the elastic modulus when fully 
saturated at 50°C/water immersion is lower than when the adhesive is fully saturated at 
50°C/95%RH. The predictions from the joint when saturated at 70°C/80%RH are about 
50% lower than the predictions at 70°C, and are similar in shape. 
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Figure 8-10. 'A-A' profile indicates the region where line plots along the overlap length at the 
edge are taken. 
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Figure 8-11. 'B-B' profile indicates the region where line plots along the overlap length at the 
centre are taken 
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Figure 8-12. 'C-C ' profile indicates the region where line plots across the overlap width at the 
centre are taken 
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Figure 8-13. Pred icted evolution of longitudinal stress (Clxx) induced by moisture ingress (a) along 
the overlap length (profile 'B-B') and (b) across the overlap width (profi le 'C-C') 
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F igure 8-14. Comparison of longitudinal stresses induced in the AIIFM73 single lap joint for the 
accelerated ageing conditions considered. 
Figures 8-15(a) and 8-15(b) illustrate the hygro-thermo-mechanical evolution of von 
Mises stress at profile 'A-A' and profile 'B-B (edge and centre) respectively in the 
adhesive. The line plots indicate the levels of stress at each stage after cure, as illustrated 
in the hygro-thermo-mechanical analysis framework (figure 8-1). The accelerated ageing 
environment simulated is 50°C/95%RH. At the edge, an increase in temperature to 50°C 
from 20°C reduces the stress present from about 25 MPa to 13 MPa in most areas along 
the overlap length, the exception being the fillet areas. The stresses are further reduced to 
about 7 MPa after saturation with moisture, with the distribution retaining a similar shape 
after saturation. On cooling down to 20°C after saturation, the stress level increases to 
about 10 MPa, which indicates an overall reduction in the thermal residual stresses from 
about 25 MPa to about 10 MPa away from the fillet area from moisture saturation of the 
joint. The application of a 5 kN tensile load on the joint increases the stress in every area 
along the profile, and results in a more non-uniform distribution, owing to rotation of the 
overlap area due to the applied load. A similar analysis of the evolution of von Mises 
stress at the centre of the joint (figure 8-15(b)) shows a similar variation of stress at each 
stage of the hygro-thermo-mechanical analysis (HTM). 
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Figure 8-15. Predicted evo lution of von Mises stress through the hygro-thermo-mechanical 
analysis stages considered in the adhesive layer (a) along the overlap length at the edge (profi le 
' A-A ' ) and (b) along the overlap length at the centre of the joint (profile 'B-B '). 
In order to show the three dimensional nature of the evolution of stresses present in the 
adhesive layer in the hygro-thermo-mechanical (HTM) analysis, cutting plane contour 
plots of von Mises stress in the adhesive layer at the shaded area indicated in figure 8-16 
are compared in figure 8-17. At 200 e (figure 8-17(a)), the level of stress is fairly uniform 
over the overlap area, with the exception of the fillet areas which show higher stresses. 
After uniform heating to 500 e (figure 8-17(b)), the stresses are also uniform with the 
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exception of the fillet area and are lower than at 20°C, owing to the uniform increase in 
temperature. After 12 weeks of moisture diffusion, when the joint is partially saturated, a 
non-uniform stress distribution is seen across the overlap area with lower stresses in the 
wet areas of the adhesive, as shown in figure 8-17(c). When the joint is fully saturated at 
50°C/95%RH (figure 8-17( d)), there is again a uniform distribution of stress, except in 
the area close to the fillet edge. However, a non-uniform distribution of stress is seen 
when the saturated joint at 50°C is cooled uniformly to 20°C (figure 8-17(e)). This is 
because of the differential expansion from swelling and contraction when cooling to a 
lower temperature. The application of a 5 kN tensile load on the joint has the effect of 
inducing higher stresses in larger areas closer to the edges of the overlap area, as shown 
in figure 8-17(f). The higher stress concentrations in the areas close to the front edge and 
fillet area indicate the likely areas of failure initiation in the joint. It is notable that 
complete saturation of the joint, reduces the stresses to an extent that even with the 
application of a 5 kN load, the level of stress in the adhesive is still lower than when the 
joint is dry at room temperature. However, moisture ingress also lowers the stiffness and 
yield stress of the adhesive, which is also expected to lower the load at which failure 
onset occurs. Other considerations to take into account are that the results shown do not 
include the effect of creep and other stress enhanced degradation effects, owing to lack of 
time dependent material properties in the accelerated ageing conditions used. 
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Figure 8-16. Schematic illustration of cutting plane and regions examined in the adhesive layer. 
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Figure 8-17. Cutting plane von Mises stress contour plots in the adhesive layer of the AI/FM73 
single lap joint (a) at 20°C, (b) at 50°C, ( c) after 12 weeks at 50°C/95%RH, (d) fully saturated at 
50°C/95%RH, (e) ful ly saturated at 20°C and (t) fu lly saturated at 20°C and under 5 kN tensi le 
load. 
8.4.2 CFRP/FM73 single lap joint 
The predicted effects of moisture ingress over time on the CFRP/FM73 single lap joint at 
50°C/95%RH are presented in figures 8-18(a) and 8-18(b). Figure 8-18(a) shows the 
effect of hygroscopic expansion on the thermal longitudinal stress (crxx) in the adhesive 
over 78 weeks. After 1 week, swelling due to moisture ingress in the fillet area, together 
with plasticization and reduction of stiffness of the wet area, has an immediate stress 
reducing effect. Whilst the exposed edge is completely saturated after 1 week and stress 
reduction is seen in this area, the inner areas of the adhesive are unaffected as they are 
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still dry. As the whole of the adhesive becomes wet with moisture, the stresses decrease 
with time, however, in contrast to the aluminium joint, the effect of moisture ingress 
from the CFRP substrates is visible and saturation occurs with the formation of a uniform 
stress state, at 48 weeks. Figure 8-18(b) shows the longitudinal stress development across 
the overlap width (profile 'C-C) and a similar trend to that seen along the overlap length 
is repeated here as stresses are reduced at about 2-3 mm from the exposed edge after 1 
week while most of the inner areas of the adhesive is unaffected. After 6 weeks, the 
whole of the adhesive is wet and the stresses from about 4mm away from the edge are 
fairly uniform, unlike the AI/FM73 single lap joint. This is because there is moisture 
saturation in this area which is mainly due to moisture ingress from the CFRP substrate. 
Figures 8-19( a) and 8-19(b) show the hygro-thermo-mechanical evolution of von Mises 
stress for profile 'A-A' and profile 'B-B ' (edge and centre) respectively. The line plots 
indicate the levels of stress at each stage after cure, as illustrated in the hygro-thermo-
mechanical analysis framework (figure 8-1). At the edge, an increase in temperature to 
50°C from 20°C reduces the stress from about 28 MPa to 15 MPa in most areas along the 
overlap length, with the exception of the fillet areas. The stresses are further reduced to 
about 11 MPa after saturation with moisture, with the distribution retaining a similar 
shape. On cooling down to 20°C after saturation, the stress level increase to about 15 
MPa. This indicates an overall reduction in the thermal residual stresses by from about 28 
MPa to about 15 MPa away from the fillet area. 
The application of a 5 kN tensile load on the joint increases the stress and results in a 
more non-uniform distribution. The comparison for the profile at the centre of the joint 
(figure 8-19(b)) indicates a similar variation of stress at each stage of the hygro-thermo-
mechanical analysis (HTM), with a slightly different variation in the stress levels. 
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Figure 8-18. Predicted evo lution of longitudinal stress (O'xx) induced by moisture ingress in the 
CFRP/FM73 SLJ (a) along the overlap length (profile 'B-B ' ) and (b) across the overlap width 
(profi le ' C-C' ) 
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Figure 8-19. Predicted evolution ofvon Mises stress through the hygro-thermo-mechanical 
analysis stages considered in the adhesive layer (a) along the overlap length at the edge (profile 
' A-A' ) and (b) along the overlap length at the centre of the joint (profi le 'B-B '). 
Comparisons of the cutting plane contour plots of von Mises stress in the adhesive centre 
line, as indicated in figure 8-16 is shown in figure 8-20, in order to demonstrate the 3D 
nature of the hygro-thermo-mechanical stress evolution. When dry at room temperature 
(figure 8-20(a)), it can be seen that the stress levels are fairly uniform over most of the 
adhesive layer, except close to the front edge and the fillet areas where the stresses are 
lower at the boundary with the adherends. The elevation of the temperature to 50°C 
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(figure 8-20(b)) reduces the stress levels significantly in most areas of the adhesive layer 
and they are further reduced after conditioning at 50DC/95%RH for 12 weeks (figure 8-
20(c)). When fully saturated at 50DC/95%RH (figure 8-20(d)), further reductions are 
seen, but the distribution remains similar to 12 weeks. When fully saturated at 20DC, the 
stress levels are increased owing to higher stiffness at room temperature and thermal 
contractions, but much lower than when dry at 20D C (figure 8-20(e)). The effect of load 
application on the saturated adhesive is shown in figure 8-20(f) and results in a fairly 
non-uniform load distribution, with the highest stress levels near the right and left fillet 
edges, but the levels are lower than when the joint has just cooled down from cure at 
20DC. 
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Figure 8-20. Cutting plane von Mises stress contour plots in the adhesive layer of the 
CFRP/FM73 single lap joint (a) at 20°C, (b) at 50°C, (c) after 12 weeks at SO°C/9S%RH, (d) 
fully saturated at SO°C/9S%RH, (e) fully saturated at 20D C and (t) fu lly saturated at 20D C and 
under 5 kN. 
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The hygro-thermo-mechanical stresses in the CFRP adherend are also considered to be 
important as some delamination failure in the CFRP adherends was seen on aged joints 
tested at room temperature. The distribution of first principal stress (crI) in the lower 
CFRP adherend is shown in figure 8-21(a) when dry at 50°C and figure 8-21(b) after 6 
weeks at 50°C/95%RH. The stresses in the interior of the adherend can be seen in figures 
8-21(c) and 8-21(d), when dry and wet after 6 weeks respectively, via cutting planes 
spaced 3mm apart. When dry at 50°C, there is a fairly uniform stress state in the 
adherend, with the exception of the areas attached to the adhesive fillets. After 6 weeks, 
the anisotropic swelling of the CFRP adherend lowers the stress at the front edge of the 
overlap area as it is constrained by the adhesive, while the edge away from the overlap 
area is free to expand, and is therefore in tension. The cutting planes show that the non-
uniform stress in the overlap area extends through the depth of the CFRP adherend. 
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Figure 8-2l. Contour plots of maximum principal stress (0",) in the lower CFRP adherend of the 
CFRP/FM73 SLJ (a) when dry at SO°C, (b) 6 weeks at SO°C/9S%RH, and cutting planes showing 
the interior of the adherend when (c) dry at SO°C and (d) after 6 weeks at SO°C/9S%RH. 
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8.4.3 CFRP/AlIFM73 double lap joint 
The effect of conditioning the CFRP/AlIFM73 DLJ in a hot/wet environment was 
evaluated using 3D finite element analysis for the 50°C/95%RH environment. Hygro-
thermo-mechanical stresses were evaluated by following the progression set out in the 
HTM analysis framework shown in figure 8-1. Interfacial diffusion was neglected as well 
as the effect of hot/wet transient creep. Symmetric boundary conditions present in the 
geometry were exploited to reduce the model size to a quarter if its original size. Whilst 
the single lap joints are limited to two material constituents, the CFRP/AlIFM73 double 
lap joint has three material constituents, which exhibit different thermal contractions, as 
well as different moisture swelling coefficient. Stresses in the adhesive are evaluated 
along profile 'A-A', as indicated in figure 8-22, and profile 'B-B', as indicated in figure 
8-23, for the front edge and centre respectively. 
Figure 8-24(a) shows the hygro-thermal stress evolution in the adhesive centre line in a 
hot/wet condition (50°C/95%RH) at 0, 6 and 48 weeks. The longitudinal stress at the 
edge is reduced after 6 weeks but changes little after this because the edge is already fully 
saturated at this time. However, significant reductions in the longitudinal stress are seen 
at the centre between 6 and 48 weeks because moisture saturation takes longer here. The 
longitudinal stresses at the edge and centre are mostly in tension, with the exception of 
the fillet area on the aluminium side of the joint. However, the peel strains evolve in a 
different way because of the anisotropic swelling of the CFRP adherend, as shown in 
figure 8-24(b). In this case, most of the stresses away from the fillet areas are in 
compression. After 6 weeks, the peel stresses at the edge are increased in magnitude but 
are then reduced after 48 weeks as the whole of the adhesive becomes more saturated. 
Higher stresses in the fillet area on the CFRP side are seen at 48 weeks than when the 
adhesive is dry. At the centre, the stresses are reduced by a small margin, with load 
transfer from wet to dry areas seen at about 3 to 8 mm from the left edge. This is 
followed by a return to the original shape, but with lower stresses at the edges, after 48 
weeks. 
Figure 8-2S(a) and 8-25(b) show the evolution of shear stress in the xy-direction ('txy) and 
yz-direction (tyz) respectively. The xy-direction shear stress ('txy) seen in the adhesive near 
the aluminium adherend close to the front edge of the joint is in the opposite direction 
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closer to the CFRP adherend. Initially, the magnitude of the stresses are reduced at the 
side closer to the aluminium adherend (left hand side of figure 8-25(a» after 6 weeks, but 
then increase after 48 weeks as the joint become more saturated. Near the CFRP 
adherend (right hand side of figure 8-25(a», the stresses are gradually reduced. At the 
centre of the joint, the stress level seen along the overlap length after 6 weeks is different 
to that seen when the joint is dry. Higher levels of stress are seen after 48 weeks than at 6 
weeks. The development of shear stress in the yz-direction ('tyz) is quite different as 
shown in figure 8-25(b), with very low stress levels at the centre at 0, 6 and 48 weeks. 
The stresses at the edge are compressive when dry, but are higher and in tension after 6 
weeks, with further increases after 48 weeks, especially near the CFRP adherend. This is 
attributed to a 'pull' effect by the CFRP adherend on the adhesive which swells in the y 
and z directions, and a 'hold' effect by the aluminium adherend which does not swell at 
all. It is also clear that predictions of shear stress in the yz-direction ('tyz) are only possible 
with 3D models because none of the 2D approximations can predict this shear stress 
component, as well as the 3D displaced shape. 
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Figure 8-22. 'A-A' profile indicates the region where line plots along the overlap length at the 
edge are taken. 
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Figure 8-23. 'B-B' profile indicates the region where line plots along the overlap length at the 
centre are taken. 
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Figure 8-24 Hygro-thermal stress evo lution in the adhesive layer of the CFRP/A I double lap joint 
for (a) longitudina l stress (crxx) and (b) peel stress (cryy) . 
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Figure 8-25. Hygro-thermal stress evolution in the adhesive layer of the CFRPI AI double lap joint 
for (a) shear stress in the xy-direction ('!xy) and (b) shear stress in the yz-direction ('!yz). 
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Whilst an indication of the stresses at the edge and centre of the adhesive centre line are 
seen in figures 8-24 and 8-25, it is also informative to see the distribution of stresses in 
the overlap area as illustrated with the aid of cutting plane stress contours. The cutting 
plane at the adhesive centre line is indicated by the shaded area in figure 8-26. Figure 8-
27 shows the progression of longitudinal hygro-thermal stress (crxx) when dry, after 6, & 
48 weeks, and when fully saturated. When dry at 50°C (figure 8-27(a» , it can be seen 
that the highest stress levels are close to the right hand side fillet area, with slightly lower 
stresses in the left hand side fillet area. The stress reducing effect of swelling in the wet 
area of the adhesive is seen in figure 8-27(b) after 6 weeks at 50°C/95%RH. The stresses 
close to the front edge and left fillet, which are fully wet, are lower than other areas, with 
the stresses in the right fillet still high. After 48 weeks, more moisture is absorbed by the 
adhesive and stresses are further reduced, especially in the central area of the overlap. 
When the adhesive is fully saturated, more reductions are seen in the central area, 
although the stresses in the right fillet area remain high. 
Line of symmetry 
(y-axis) j ______ ...,-_si_de_v_ie_w ____ _ _ _ ._ ...., 
CFRP Adherend 
Aluminium Adherend 
Line of symmetry ('-"\ ~ ~ ~~ ~ ~ ~ f~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t-
Top view 
Figure 8-26. Schematic illustration of cutting plane and regions examined in the adhesive layer of 
the CFRPI AI DU. 
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Figure 8-27. Cutting plane stress contour plots (O'xx) in the adhesive of the CFRP/ AI/FM73 DLJ at 
(a) 50°C, (b) after 6 weeks 50°C/95%RH, (c) after 48 weeks 50°C/95%RH & (d) fully saturated 
at 50°C/95%RH 
The peel stress (O'yy) evolution in the adhesive is presented in figures 8-28(a), 8-28(b), 8-
28(c) and 8-28(d) for the same timescale. When dry, the stress distribution in the overlap 
area is highly compressive. After 6 weeks, the stresses in most areas are reduced in 
magnitude. As more moisture is absorbed, swelling of both the adhesive and CFRP 
adherend occurs and near the front edge, areas of high stress concentration can be seen 
after 48 weeks. When fully saturated, areas of stress concentration are still present close 
to the front edge and this suggests that the anisotropic swelling of the CFRP adherend is 
creating a ' pull ' effect in this area. Figure 8-29 shows the evolution of shear stress in the 
xy-direction (!xy) from a dry state to full saturation, and as previously seen with the line 
plots, there is little variation in the levels of stress present, although a shift in the 
distribution of stresses near the front edge of the overlap area is seen, together with an 
increase in the stress levels near the right fillet area. 
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Figure 8-28 . Cutting plane stress contour plots (O"yy) in the adhesive of the CFRP/AIIFM73 DU 
at (a) 50°C, (b) after 6 weeks 50°C/95%RH (c) after 48 weeks 50°C/95%RH & (d) fu lly saturated 
at 50°C/95%RH 
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Figure 8-29. Cutting plane stress contour plots (rxy) in the adhesive of the CFRP/AIIFM73 DU at 
(a) 50°C, (b) after 6 weeks 50°C/95%RH (c) after 48 weeks 50°C/95%RH & (d) fully saturated at 
50°C/95%RH 
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The hygro-thermal shear stress in the yz-direction ('tyz) shows the greatest variation of 
stress in the adhesive layer with ageing time, as indicated in figure 8-30. This is 
understandable considering the effect of the hygroscopic stresses in the DLJ, shown in 
section 6.3.4. At 50°C, 'tyz in most of the overlap area is the opposite direction to 'tyz at the 
front edge close to the fillet area. Moisture absorption and consequent swelling of both 
adhesive and CFRP adherend, coupled with a reduction of stiffness in the wet areas of the 
adhesive after 6 weeks induces a complex shear stress state in the adhesive layer. The 
stresses near the front edge are in the opposite direction to stresses in the inner area. 
Further moisture absorption and saturation has the effect of raising the stress level, which 
can be attributed to the anisotropic expansion of the CFRP adherend and the subsequent 
pulling effect on the adhesive layer. It is clear that the shear stress in the yz-direction ('tyz) 
increases with moisture absorption, with the stress at areas close to the front edge in the 
opposite direction to the stresses away from the front edge. 
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Figure 8-30. Cutting plane stress contour plots ('tyz) in the adhesive of the CFRP/AI/FM73 DU at 
1 week at (a) 50°C, (b) after 6 weeks 50°C/95%RH (c) after 48 weeks 50°C/95%RH & (d) fu lly 
saturated at 50°C/95%RH 
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Figure 8-31. Cutting plane von Mises stress contour ptots in the centre line ofthe adhesive in the 
CFRP/AIIFM73 DLJ (a) at 20°C, (b) at 50°C, (c) after 24 weeks at 50°C/95%RH, (d) fully 
saturated at 50°C/95%RH, (e) fully saturated at 20°C and (t) fully saturated at 20°C and under 10 
kN tensile load . 
The evolution of von Mises stress in the adhesive centre line at each state of the hygro-
thermo-mechanical analysis is shown in figure 8-31. When the joint is dry at room 
temperature (figure 8-31 (a)), it can be seen that the highest stress levels present in the 
adhesive layer do not exceed 36 MPa. Elevating the temperature to 50°C (figure 8-31(b)), 
reduces the stress levels significantly in most areas of the adhesive layer, especially at the 
left fillet. The absorption of moisture after 24 weeks, (figure 8-31 ( c)), shows significant 
increases in the stresses near the front edge, and at full saturation, the stresses near the 
front edge and right fillet area are increased further, with peaks that exceed the failure 
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stress of the adhesive at room temperature (figure 8-31(d)). After the temperature of the 
fully saturated joint is reduced to 20°C, the stress levels are increased slightly owing to 
the increased modulus of the adhesive at room temperature and thermal contractions 
(figure 8-31(e)). The effect of load application on the saturated adhesive is shown in 
figure 8-31 (t). This shows high stress levels that exceed the failure stress of the adhesive 
near the right fillet edge. This is the most likely area for the initiation and propagation of 
failure in the adhesive. 
The hygro-thermal stresses induced in the CFRP adherend from exposure to a hot/wet 
environment (50°C/95%RH) were also studied. Figures 8-32(a) & (b) show the first 
principal stress contours (JI) in the CFRP adherend when dry and fully saturated, with 
cutting planes spaced 3mm apart shown in figures 8-32(c) & (d). It is worth noting that 
only a quarter of the CFRP adherend is visible, owing to the use of symmetry to reduce 
the model size. When dry, it can be seen that the stresses are fairly uniform in the overlap 
area (five cutting planes from the left edge in figure 8-32( c)), except close to the fillet 
areas. The cutting plane contours in figure 8-32(c) indicate the areas at the left and right 
boundaries of the overlap, close to the region of stress singularity in the joint where the 
stress levels are higher. As seen previously in the adhesive, the end result of full 
saturation of the CFRP adherend is an increase in the stresses, especially near the edges 
of the adherend, owing to the anisotropic swelling of the CFRP adherend. However, 
swelling in the overlap area is restricted by the adhesive, inducing higher stresses near the 
front edge away from the overlap area, as seen in figures 8-32(b) & (d). 
The principal stresses in the second direction (J2) in the CFRP adherend are presented in 
figures 8-33(a) & (b) with cutting planes in figures 8-33(c) & (d). It is seen here also that 
moisture absorption in the CFRP adherend induces higher stresses in the CFRP adherend. 
The third principal stresses are presented in figure 8-34, indicating that full saturation 
with moisture also induces higher stresses in the overlap area, with a different 
distribution to the other principal stresses. 
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Figure 8-32. Contour plots of first principal stress (01) in the lower half ofCFRP adherend in the 
CFRP/AI/FM73 double lap joint at 50°C/95%RH when (a) dry and (b) fully saturated, (c) cutting 
planes 3mm apart showing the interior of the adherend when dry and (d) fully saturated. 
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Figure 8-33 Contour plots of second principal stress (02) in the lower half of the CFRP adherend 
in the CFRP/AIIFM73 double lap joint at 50°C/95%RH when (a) dry and (b) fully saturated, (c) 
cutting planes 3mm apart showing the interior of the adherend when dry and (d) fully saturated 
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Figure 8-34_ Contour plots of third principal stress (a3) in the CFRP adherend of the 
CFRP/AIIFM73 double lap joint at 50°C/95%RH when (a) dry and (b) fully saturated, (c) cutting 
planes 3mm apart showing the interior of the adherend when dry and (d) fully saturated 
8.5 Summary 
Hygro-thermal stresses from exposure of a bimateriallaminate to a hot/wet environment 
were assessed using 2D and 3D FEA, showing that moisture absorption causes a 
reduction in the curvature and maximum deflection of the laminate, indicating a 
reduction in the bending stresses. The 2D FEA model was deficient to the 3D model in 
estimating the deflection and stresses present. 
Hygro-thermo-mechanical analysis in bonded joints was examined based on a framework 
developed to mirror the complex stages involved. The hygro-thermo-mechanical stresses 
arising from exposing single and double lap joints with thermal residual stresses to a 
hot/wet environment have been assessed using 3D FEA, with all the assumptions 
previously used for examining thermal, hygroscopic and mechanical stresses in bonded 
joints. For the single lap joints, it is clear that exposure to hot/wet environments causes a 
reduction in the stresses present in the adhesive, as the swelling from absorption of 
moisture in the joints counteracts the stresses from thermal contractions, although for the 
CFRP single lap joint, the stresses are increased in the CFRP adherend. The 3D nature of 
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the stresses present in the adhesive and adherends are also visible, owing to the three 
dimensional nature of the thermal and hygroscopic stresses. Such is the nature of the 
stress reductions, that the application of a 5 kN load is unable to raise the stresses 
predicted to the levels seen when the joint has just cooled from cure. 
For the CFRP/AlIFM73 double lap joint, exposure to a hot/wet environment initially 
causes a reduction in the stresses when dry, but as moisture is absorbed by the joint, some 
stress components are increased greatly while some are reduced, mainly because of the 
differential swelling of the entire joint. Subsequently, the equivalent stress state in the 
adhesive layer is much higher than when dry and is fully three-dimensional with level s 
significant enough to promote the possibility of other effects such as creep or failure 
initiation. However, in the present study, the effects of creep during ageing have been 
neglected because of a lack of reliable creep properties of the adhesive in the accelerated 
ageing conditions. A modified framework to include the effects of transient effects is 
shown in figure 8-35. 
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Figure 8-35 . Modified hygro-thermo-mechanical (HTM) analysis framework for adhesively 
bonded joints. 
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CHAPTER 9 
9 Damage and failure prediction in bonded joints 
The work done on damage modelling and failure prediction of joint bonded with FM73 is 
presented in this chapter. Cohesive zone modelling (CZM) and continuum damage 
modelling (CDM) techniques have been employed to predict damage and failure in these 
joint. Predictions of continuum damage using the Gurson-Tvergaard-Needleman (GTN) 
damage model and path independent cohesive zone models using a bilinear traction 
separation law are presented for dry and wet joints utilising 2D and 3D finite element 
analyses. The effect of thermal and hygro-thermal residual stresses on failure is also 
investigated and damage initiation and propagation in the joints is considered. 
9.1 Cohesive zone modelling 
The concept of cohesive zone modelling (CZM) has been reviewed in chapter 2. Several 
forms of the traction separation law have been proposed [62, 120-122] but they all exhibit 
the same general behaviour. As the cohesive surfaces detach, the traction increases until a 
maximum is attained and then the traction decreases to zero at which point there is a 
complete loss of (local) load carrying capacity and separation occurs. This behaviour is 
true for both shear and normal tractions. A schematic example of the bilinear cohesive 
material model used in CZM is shown in figure 9-1. For a 3-dimensional system, the 
effective opening displacement which is based on the relative displacements of the shear 
and normal components, is defined as: 
(9-1) 
Where vn , Vs and v, are the relative displacement components (one normal and two shear) 
and fJ which the shear-normal weighing coefficient, which is the ratio between the 
critical shear and normal tractions. The effective traction (te) is a function of the effective 
opening displacement and is reversible until the critical effective opening displacement 
(vc) has been reached. Other factors influencing the failure behaviour include the area 
under the traction separation curve, which corresponds to the strain energy release rate 
(Gc) and the maximum effective opening displacement (vm) . 
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Figure 9-1. Bilinear cohesive material model 
The bilinear traction separation law is given by: 
(9-2) 
(9-3) 
(9-4) 
A damage parameter is used to indicate the amount of irreversible cohesive energy, 
defined by: 
G-G . D = elas/lc ; 0 ~ D ~ 1; b ~ b
c 
Gc - G elas/ic 
(9-5) 
Where G elastic is shown in figure 9-2 
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G elastic 
Figure 9-2. Bilinear cohesive material model showing reversible and irreversible cohesive energy 
used for determination of damage parameter. 
Most of the previous work done on the failure of adhesive joints using cohesive zone 
models involves a selected crack path [127] . This is usually based on experimental 
observations. The cohesive elements are positioned along the potential path or region of 
crack propagation, and attached to continuum elements elsewhere. In some cases, a single 
cohesive zone has been used to describe the entire response of the adhesive layer. This is 
a significant simplification when the complex cracking mechanisms of an adhesive layer 
are considered. This prevents the modelling of diffuse crack patterns especially in the case 
of initiation and propagation of fast cracks, where spontaneous propagation of cracks have 
a strong dependency on the finite element mesh size and a sufficiently refined mesh is 
required to prevent premature crack formation ahead of the main crack front [130]. XU 
and Needleman [123] attempted to allow for a more arbitrary direction of crack 
propagation and introduced interface cohesive zone elements between all continuum 
elements and found that the models suffered from mesh bias with crack propagation 
restricted to the inter-element boundaries. They also found this method unsuitable for 
large scale and three dimensional analyses. 
In this work, in order to attempt to capture the crack patterns in the adhesive layer and 
eliminate the need for a pre-determined crack path, the adhesive layer was filled with 
interface elements in the FE models. However, the MSC.Marc interface elements 
(element 186 for 2D and element 188 for 3D) used in the CZM modelling have 
deformations corresponding to the relative displacements between the top and bottom 
edges of the elements, thereby affecting the possible growth pattern of any cracks formed. 
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9.1.1 Aluminium/FM73 single lap Joint 
Model calibration for dry cohesive failure 
The cohesive zone model was calibrated using the load displacement values from the 
AI/FM73 single lap joint, and the material properties used for calibration are indicated in 
table 9-1. The value for cohesive fracture energy for FM73 was derived from 
experimental work done by Liljedahl et al [117, 198] using mixed mode flexure (MMF) 
tests. The calibration was performed with the dry AI/FM73 single lap joint because 
cohesive failure in the adhesive was seen in the failure surfaces of the dry joints, with no 
substrate failure. The failure response of the dry AI/FM73 single lap joint with fillets was 
calibrated using a 2D generalised plane strain (OPE) model with a bilinear CZM material 
model and the following parameters, determined through an iterative process, gave a good 
fit to the experimental ultimate load of 11.2 ±1 kN with an effective traction of 50 MPa. 
Table 9-1. CZM parameters for the dry AI/FM73 single lap joint. 
Cohesive fracture critical effective 
opening displacement 
Vc 
0.0001 
maximum effective 
opening displacement 
Vm 
0.116 
shear-normal 
weighting ratio 
0.5 
To check for mesh dependence of this method, load-displacement predictions for two 
mesh densities were compared. The finite element meshes in the fillet area for each mesh 
density is shown in figures 9-3(a) and (b). The corresponding thickness directions of the 
interface elements are shown in figure 9-3(c) and (d). The mesh shown in figure 9-3(b) is 
four times denser than the mesh in figure 9-3(a). The thickness direction is significant as 
the basic interface elements implemented in MSC.Marc have an effective opening 
displacement only in one direction (thickness direction) [165] . The choice of mesh in the 
fillet area was limited as the mesh in figure 9-3(a) was used for the hygro-thermo-
mechanical (HTM) analyses, and in order to import the moisture distribution in the 
adhesive layer using the pre-state function, the meshes have to be similar. Effects of 
geometric and material non-linearity were accounted for in all models. An adaptive 
stepping scheme was used to increase the displacement at the ends of the joint, in order to 
deal with small time steps close to failure of the interface elements. Residual stresses are 
neglected as the interface elements do not support stress inputs. 
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Figure 9-3. Fin ite element mesh used for the mesh dependence check (a) e lement size: 
0. l S6x0.47Smm, (b) element size: 0.078 xO.023mm, (c) & (d) interface element thickness 
direction for both meshes. 
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Figure 9-4. Predicted load-displacement curves using the CZM model for both meshes. 
The material properties for the substrates have been previously indicated in chapter 3, and 
the predicted load-displacement curves for both meshes are shown in figure 9-4 and the 
experimental load is shown as well. The predictions from both meshes are similar, with 
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the higher density mesh prediction 2.9% lower, but both predictions are well within the 
experimental error. 
Damage initiation and propagation. 
Damage initiation and propagation within the adhesive layer with the O.156 x0.4 75mm 
mesh scheme is shown in figure 9-5, as characterised using the damage parameter. It can 
be seen that damage initiated at the left corner of the adhesive fillet and the corner of the 
substrate in figure 9-5(a), followed by propagation through the adhesive layer beginning 
from the sharp corner as shown in figure 9-5(b). However, the orientation of the interface 
elements in the lower fillet area affects the path of the crack predicted through the fillet, 
owing to the orientation of the opening direction of the interface elements. The main 
crack in the adhesive layer propagates near the upper interface of the adhesive layer, 
shown in figure 9-5(c). The full extent of the cracks predicted by the CZM model in the 
adhesive layer is shown in figure 9-5(d) and it can be seen that two major cracks are 
propagated asymmetrically from each fillet area of the joint through the adhesive, with the 
first major crack propagated near the upper interface of the adhesive layer in the left hand 
side of the adhesive, and the second major crack propagated near the lower interface of 
the adhesive in the right hand side of the joint. Both cracks meet in the middle of the joint 
across the overlap length. However, the contour plots in the rest of the adhesive layer 
across the overlap length shows some damage in the interface elements, indicating the 
absorption of energy by the rest of the interface elements. Figure 9-6 shows the predicted 
load-time history of the dry AlIFM73 joint, showing a sudden loss of load carrying 
capability of the joint, indicating sudden crack propagation. This is similar to the load 
time history from the experimental results. 
Cohesive zone modelling was also carried out using 3D FEA using 8-node interface 
elements, but the 3D FEA model did not include any fillets , because of difficulties with 
the orientation of the interface elements. Figure 9-7(a) shows the crack in the 3D CZM 
model from the left edge of the adhesive layer and shows propagation from the lower left 
corner to the upper interface of the adhesive layer. Figure 9-7(b) shows two major cracks 
from each corner of the adhesive, similar to the two major cracks in the 2D model. Figure 
9-7(c) shows a plan view of the adhesive layer, indicating the concave shape of the major 
crack moving through the adhesive from the right hand side close to the lower interface of 
the joint. The damage to other interface elements in the adhesive layer are also seen, 
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indicating some damage to other areas of the adhesive, but lower than the damage seen at 
the major cracks. 
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Figure 9-5. Damage propagation in the dry AI/FM73 single lap joint using a 2D CZM model 
showing (a) damage initiation at the fillet, (b) propagation through the fi llet, (c) fu ll crack growth 
near the fillet and (d) fu ll crack through the adhesive. 
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Figure 9-6. Predicted Load-time history of the dry AI/FM73 single lap joint showing sudden loss 
of load carrying capabi lity 
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Figure 9-7. Damage propagation in the dry AI/FM73 single lap joint using a 3D CZM model 
showing (a) propagation from the left edge, (b) two major cracks, and (c) plan view showing the 
shape of the damage area from the right side of the joint. 
The bilinear cohesive zone parameters used for the analysis of the dry AlIFM73 joint 
were then applied to the analysis of cohesive failure in the CFRP/FM73 single lap joint 
and the CFRP/ALlFM73 double lap joint. 
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9.1.2 CFRP single lap joint predictions 
2D CZM moisture dependent failure modelling was carried out on the CFRP/FM73 single 
lap joint. The moisture dependent mechanical properties of the CFRP adherend have 
previously been presented in chapter 3, along with the failure parameters of the CFRP 
substrate. The Tsai-Wu failure criterion coupled with a progressive composite failure 
parameter in MSC.Marc [62] was used for the CFRP adherend, which were modelled 
using composite continuum elements. Failure occurs in the composite continuum 
elements if one of the failure criteria is satisfied, with the behaviour up to the failure point 
being linear elastic. Upon failure of a composite continuum element, the anisotropic 
stiffness at the integration points is changed to the value of the weakest material direction. 
While the fracture energy for dry FM73 epoxy is cohesive, the moisture dependent 
fracture energy derived from the NCA tests is interfacial. Consequently, the value of 
cohesive fracture energy at 2.2% moisture concentration (Csat for 50D C/95%RH) was 
estimated based on the amount of degradation seen in the modulus of the adhesive owing 
to moisture absorption. A reduction of about 22% is seen in the modulus of the adhesive 
saturated with 2.2% moisture at room temperature. Therefore, a similar reduction was 
applied to the dry cohesive fracture energy to estimate the wet cohesive fracture energy. It 
is also assumed that the cohesive fracture energy varies linearly with moisture. 
Curves showing the progressive damage predicted using the 2D cohesive zone model with 
moisture dependent cohesive fracture energy at 50D C/95%RH is presented in figure 9-
8(a). It can be seen that moisture ingress has a degrading effect on the joint strength, with 
a gradual reduction in the predicted ultimate load with time. After 78 weeks, the 
prediction shows a reduction in ultimate load from 12.2 kN to about 9.2 kN. However, 
moisture diffusion is a 3D process and the comparison of predictions from both 2D and 
3D models at different exposure times is shown in figure 9-8(b). It should be noted that 
the 3D CZM models do not include any adhesive fillets , and consequently the moisture 
concentration profiles are somewhat different. Nevertheless, the 2D and 3D CZM load-
displacement predictions are similar in shape, but the ultimate failure load predicted by 
the 3D model when dry and after 26 weeks is 6% lower than the 2D model for each 
comparison. This difference cannot be explained by the effect of different moisture 
profiles, and is more likely because of the absence of fillets in the 3D model. 
275 
Chapter 9: Damage and fai lure prediction in bonded joints 
14000 
---20:0ry 
---- 20: 1 week 
12000 -e- 20 :2 weeks ~20:4 weeks 
-+- 20:12 weeks -e- 20:26 weeks 
10000 
- 20 :78 weeks 
Z 8000 
.. 
'tl 
IU 
.9 6000 
4000 
2000 
0 
0 0.1 0.2 0.3 0.4 
Displacement, mm 
(a) 
14000 
~20:0ry 
12000 
---- 30: 0ry 
10000 -s-20 :26 weeks 
- 30 :26 weeks 
Z 8000 
.. 
'tl 
.9 6000 
4000 
2000 
0 
0 0.1 0.2 0.3 0.4 
Displacement, mm 
(b) 
Figure 9-8. Predicted load-displacement curves for the CFRP/FM73 single lap joint showing (a) 
20 CZM predictions at different exposure times and (b) 20 and 3D comparisons of load-
displacement curves 
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Figure 9-9(a) shows the predicted failure loads compared with the experimental results 
throughout the ageing period of 78 weeks at 50°C/95%RH. Figure 9-10(b) shows the 
comparison over a smaller timescale of 12 weeks, and it can be seen that the 2D CZM 
model predictions show a good agreement with the experimental results initially, and until 
an exposure time of 26 weeks. After 26 weeks, there is a marked difference as the CZM 
prediction shows a continuous reduction in joint strength while the experimental fai lure 
load recovers to the dry strength levels after 78 weeks. The 3D CZM model predictions of 
ultimate load are 6% lower than the 2D prediction over the entire ageing period, 
reinforcing the view that the difference is due to the absence of fi llets in the 3D model. It 
is noteworthy that examination of the fai lure surfaces at the early stages of the 
degradation process show that failure is primarily cohesive within the adhesive and still 
mainly cohesive but with some CFRP delamination at 26 weeks as seen in figures 9- 11 (a) 
& (b). At 78 weeks however, there is significant delamination in the CFRP adherend but 
the failure in the adhesive is still mainly cohesive as seen in figures 9-11(c) & (d). It is 
uncertain from the data to hand whether the apparent strength recovery at 78 weeks is 
merely an anomaly or whether they demonstrate a "real" effect not included in the FE 
model. It is also possible that higher loads are measured at 78 weeks because of different 
environmental test conditions or experimental error. A detailed experimental study of 
failure loads of degraded joints between 26 and 78 weeks is required to understand the 
effects of long term ageing and to rule out the possibility of experimental error. 
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Figure 9-9. Predicted ultimate failure load ofthe CFRP/FM73 SLJ using 20 and 30 CZM models 
for joints conditioned at 50°C/95%RH, (a) over 78 weeks and (b) over 12 weeks. 
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(b) 
(c) (d) 
Figure 9-10. Failure surfaces of the CFRP/FM73 SLJ specimens after exposure to 50°C/95%RH 
(a) for 26 weeks, (b) image magnification showing CFRP failure at 26 weeks, (c) at 78 weeks and 
(d) image magnification ofCFRP failure at 78 weeks. 
9.1.3 Double lap joint predictions 
The progressive damage predicted using the 2D CZM with moisture dependent cohesive 
fracture energy at 2.2% moisture content is presented in figure 9-11 for the double lap 
joint. The joint strength is reduced with time and is reduced by 13% after 26 weeks and 
17 % after 52 weeks. This is in agreement wi th the trends seen in the predictions for the 
single lap joints. The load-displacement curves also indicate that sudden crack growth is 
predicted throughout the exposure periods considered. The displacement at failure of the 
joint is also reduced with time, with the displacement at failure when dry at 0.37mm, and 
0.32 mm after 52 weeks. A contour plot of the damaged area is shown in figure 9-12, and 
it can be seen that the whole of the adhesive along the overlap length is damaged, but two 
major cracks are visible, with the left hand side crack about 5 times longer than the crack 
from the right hand side. The longer crack is closer to the CFRP adherend while the 
shorter crack is closer to the aluminium adherend. 
278 
Chapter 9: Damage and failure prediction in bonded joints 
25000 
-><- 20 :0ry 
20000 -B- 20 :26 weeks 
- 20 :52 weeks 
15000 
Z 
-a 
~ 
...I 
10000 
5000 
o ~--------------------------------------~ 
o 0.1 0.2 0.3 0.4 
Displacement, mm 
Figure 9-11. Load-d isplacement predictions ofthe CFRP/ALlFM73 DU at different ageing t imes 
using a 2D GPE cohesive zone model 
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Figure 9-12. Damage propagation in the dry DU using a 2D CZM model showing the full crack 
growth through the adhesive layer. 
The predicted joint strength from the 2D cohesive zone model is compared with the 
experimental fai lure loads for the DLJ conditioned at 50°CI95%RH in figure 9-13 . For 
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short exposure times and until 12 weeks, the CZM predictions show good agreement with 
the experimental fai lure loads. However, at 26 weeks, the failure load is moderately 
underestimated and within experimental error at 52 weeks. The predictions show a 
gradual decrease in the failure load, as with the CFRP single lap joint predictions using 
the estimated moisture dependent cohesive fracture energy. However, in all the models, 
there was no failure prediction in the CFRP adherends. Again, it is unknown whether the 
increase in strength at 26 weeks and subsequent decrease at 52 weeks are ' real ' effects or 
artifacts of experimental scatter. The latter appears more likely, in which case the 
predictions are probably as good as can be expected. 
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Figure 9-13 . Predicted ultimate fa il ure load of the DU using 2D CZM models. 
9.2 Continuum damage modelling 
9.2.1 Gurson-Tvergaard-Needleman (GTN) model 
This coupled damage model was proposed by Gurson [144] for modelling damage in 
elastic-plastic materials, to indicate void formation, growth and coalescence, leading to 
crack formation and potentially failure. This was later extended by Needleman and 
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Tvergaard [145] to incorporate small void volume fractions and void coalescence. Some 
researchers [91 -93] have shown that this model is suited to damage prediction in rubber-
toughened polymers, as the rubber particles are sites for cavity nucleation, which can be 
visible under stress and is known as stress whitening. The yield condition is described as 
(9-6) 
Where (j is the equivalent stress, (j' y is the yield stress of the matrix material and (J" kk is 
the hydrostatic stress. The parameters q) and q2 were introduced by Tvergaard to account 
for the effect of void interactions on the stress distribution between cavities, but are 
usually derived from finite element calibration of experimental curves. Damage evolution 
is measured by the void volume fraction f which increases due to void nucleation and 
growth. 
Void nucleation is controlled by a normal distribution of stress or plastic strain and the 
modified model replaces the void volume fraction I with the modified void volume 
fraction 1*. A rapid decrease in the load carrying capacity of the material if void 
coalescence occurs is linked to 1*, such that 
iff~fc (9-7) 
where 
(9-8) 
Where l e is the critical void volume fraction, IF is the void volume at failure, and for 
most metals, fu* = 1/ q). The existing value of the void volume fraction changes due to 
the growth of existing voids and the nucleation of new voids and is characterised by: 
.. . 
I = I growth + hllcleotion (9-9) 
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The growth of voids is given by: 
i grolllth = (1- I)£~ (9-10) 
For modelling purposes, plastic strain controlled nucleation of void has been used, and is 
given by: 
. _ IN 1 Bill - B n . P 
[ ( 
P J2] 
!nucleation - S .J2n exp - 2 S Bm (9-11 ) 
Where IN is the void volume fraction of forming particles, Bn is the mean strain at which 
void nucleation occurs, S is the standard deviation, (Y n is the mean stress for void 
nucleation and 2:: = (j + 1.. (Y kk. When the material reaches 90% of the void volume 
3 
fraction at failure,/F. the material is considered to have failed, with the stiffness and of the 
failed element reduced to zero. 
9.2.2 Determination of model parameters 
In order to use the OTN model, some of the models parameters were determined from 
experimental data, and a calibration was carried out with a 2D OPE model to determine 
the remaining parameters. The property requirements for the model are: 
• Young' s modulus and Poisson's ratio 
• Moisture dependent effective shear hardening curves (Yo (&: ). These replace tensile 
hardening curves. 
• The initial, critical and failure volume fractions . (f,!c and/F ). 
• The void interaction parameters, q I and q2. 
• The volume fraction of nucleating particles /N. 
• The standard deviation and mean strain for void nucleation (S and en) . 
The direct experimental determination of some of these constants is difficult; leading to 
their determination by an iterative process using FEA [92, 93, 146]. The hardening effect 
using the void nucleation model is expressed by a curve of the effective yield stress ((Yo) 
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against effective plastic strain (£: ). These quantities are obtained from shear stress (t) 
and shear strain (r) curves using the following relationships [93]; 
(jo =.J3 x T (9-12) 
and 
P 
£ P = L (9-13) 0 .J3 
Where rP is the plastic component of the shear strain, given by; 
(9-14) 
Where G is the shear modulus. 
The moisture dependent shear stress/strain hardening curves were obtained from the 
FM73 product data sheet [152] and the composite materials handbook [199]. The initial 
void volume fraction was taken as 0.17, since the adhesive contains 17% volume rubber 
particles. A summary of the paranleters calibrated to give a good fit to the dry AI/FM73 
SLJ using a parabolic Mohr-Coulomb yield model to account for hydrostatic stress 
sensitivity is presented in table 9-2. The moisture-dependent effective plastic strain data 
was applied via multi-dimensional tables with moisture content and effective plastic strain 
as independent variables, and the values for the intermediate moisture contents were 
extrapolated with a linear function. The 0-0 (£: ) data is presented in figure 9-15 . 
An adaptive time stepping scheme was employed to carry out the loading of the joint, in 
order to account for the possibility of sudden crack growth associated with very small 
time steps. To check for mesh dependence, a local remeshing criterion was employed for 
the adhesive layer to increase the density of the mesh in this area. Details of the local 
adaptive remeshing function in MSC.Marc are available in the MSC.Marc theory and 
information manual [62] . 
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Table 9-2. Material properties for the GTN model 
Young's Modulus (E) Figure 9-14 
Poisson's ratio (v) 0.4 
(J'o(&: ) Figure 9-15 
qI 0.5 
q2 1.55 
Initial void volume fraction ifu) 0.1 7 
Critical void volume fraction (fc) 0.75 
Failure void volume fraction (j'F) 0.8 
Mean strain for nucleation (en). 0.35 
Standard deviation (S). 0.15 
Volume fraction of nucleating particles (j'N) 0.4 
Mohr-Coulomb Parameter (~) 0.00 1057 
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Figure 9-14. Moisture dependent Young's modu lus for FM73 at 20°C and 50°C. 
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Figure 9-15. Moisture dependent 0"0(&: ) data for FM73 at (a) 20°C and (b) 50°C. 
2D and 3D FEA were carried out on the dry AlIFM73 SLJ, and comparisons of the load-
displacement histories are shown in figure 9-16(a) and (b). Figure 9-16(a) compares the 
load-displacement history from a normal 2D mesh and the adaptive 2D mesh. It can be 
seen that the results are similar, leading to the conclusion that the results from the GTN 
damage model are practically mesh independent in terms of the load-displacement 
history. Comparisons of 2D and 3D FE models are shown in figure 9-16(b), also 
indicating similar predictions from both models, with the 2D model slightly 
underestimating the 3D failure load. Both 2D and 3D model predictions indicate sudden 
crack growth in the fai lure analyses. 
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Figure 9-16. Predicted load-displacement curves for the AI/FM73 SLJ showing (a) comparisons of 
2D meshes and (b) 2D and 3D comparison. 
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Figure 9-17. Damage propagation in the dry AI/FM73 single lap joint using a 2D GTN model 
showing (a) damage initiation at the sharp corner, (b) propagation through the fillet, (c) full 
damaged area near the left fillet 
The evolution of damage of the adhesive layer is shown in figure 9-17 (near the left fillet 
area). The void volume fraction is the damage parameter, and in figure 9-17(a), damage 
initiation occurs near the sharp corner and the void volume fraction predicted in the 
region of the sharp corner indicates the presence of void nucleating particles if? 0.4). The 
growth of voids through the adhesive fillet is shown in figure 9-17(b) and predicts almost 
complete failure in the adhesive near the upper interface region before the damage area 
spreads through the fillet. The full damage prediction in the adhesive layer is shown in 
figure 9-17(c), indicating damage away from the upper interface, moving towards the 
middle of the adhesive layer thickness. Since the joint is symmetrical at the centre, 
damage from the right hand fillet is similar, but with the main damage area close to the 
lower interface area. 
9.2.3 CFRP/FM73 single lap joint predictions 
Predictions of failure in the CFRP/FM73 single lap at 50°C were compared in order to 
assess the effect of residual stresses on joint failure . The load-displacement curve 
obtained using the GTN model at 50°C for the CFRP/FM73 single lap joint is presented 
in figure 9-18( a), indicating a prediction of sudden crack propagation at failure. Moisture 
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dependent material properties for both the adhesive and CFRP adherend at 50°C are used 
for the failure analysis. The ultimate failure loads of the joint for the full range of 
exposure times obtained from the GTN model at 50°C/95%RH are compared in figure 9-
18(b), showing predictions with and without residual stresses. It can be seen that there is a 
slight difference in the failure load predictions throughout the ageing period, with a 
distinct difference during the first 12 weeks. The prediction with residual stresses shows 
degradation in the ultimate load from 0 to 2 weeks, after which some recovery of joint 
strength is seen at 4 weeks, followed by a decrease in the failure load for the longer 
ageing periods. The prediction excluding residual stresses show a gradual decrease in the 
failure load, with no recovery in joint strength seen through the ageing period. Although 
both predictions include the effect of moisture dependent paranleters, the degradation and 
recovery seen in the prediction with residual stresses indicate that the hygro-thermal 
stresses in the joint at after two weeks is critical and load is being transferred to dry areas, 
leading to premature failure. 
A comparison of predictions from the GTN damage model without residual stresses and 
the experimental failure loads at room temperature is shown in figure 9-19. Although the 
prediction of the joint when dry is not within the limits of experimental error, there is 
good agreement with the predictions at the early ageing stages with the exception of the 
prediction at 78 weeks, where some apparent recovery of joint strength is seen 
experimentally. As previously stated in section 9.1.2, this apparent recovery is attributed 
to some other phenomena not accounted for by the models and a detailed experimental 
study is required for joints aged between 26 and 78 weeks to rule out the possibility of 
experimental error. The predictions also indicate that the joint is on average about 40% 
stronger at 20°C than when failure prediction is carried out at 50°C, owing to reduced 
stiffness and lowering of the yield strength of the adhesive at elevated temperatures. 
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Figure 9-18. Predicted load-displacement curve for the CFRP/FM73 SLJ when dry at 50°C and 
(b) predictions of ultimate failure load through the age ing period at 50°C/95%RH with and 
without residual stresses. 
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Figure 9-19. Predicted ultimate fai lure load of the CFRP/FM73 SLJ using the GTN damage model 
at 20°C. 
9.2.4 Double lap joint predictions 
Failure predictions for double lap joints exposed to 50°C/95%RH and tested at 50°C are 
shown in figure 9-20 using 2D FEA models. 2D models are used to study the effect of 
residual stresses for reasons of computational efficiency, but it should be noted that the 
2D models are deficient in predicting the high shear stresses in the yz-direction predicted 
by the 3D hygro-thermal stress analysis in chapter 8. As previously seen in the CFRP SLJ, 
the prediction of ultimate failure load is affected by the inclusion of residual stresses. In 
this case, the failure prediction with residual stresses throughout the range of the exposure 
period is higher than the predictions excluding residual stresses. Also, after 2 weeks, some 
recovery of joint strength is predicted when residual stresses are included. Good 
agreement between models with and without residual stress is seen after exposure for 12 
and 26 weeks. This is followed by higher predictions of failure load when residual 
stresses are included for longer ageing times. 
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Figure 9-20. Predictions of ultimate failure load through the ageing period at 50DC/95%RH with 
and without residual stresses. 
Comparisons of the experimental and predicted failure loads are shown in figure 9-21(a) 
using the 2D GTN model and figure 9-21(b) for the 3D GTN damage model, with testing 
at 20°C and conditioning at 50°C/95%RH. For the 2D prediction, there is good agreement 
at the initial stages of exposure to the conditioning environment and at 26 weeks. 
However, no strength recovery is predicted between 12 and 26 weeks as seen in the 
experimental data, although a slight recovery in strength is seen between 26 and 52 
weeks, and the prediction at 52 weeks is higher than the experimental value. It is possible 
that other sources of degradation not accounted for by the model are affecting the joint 
strength. The 3D model predictions do not show good agreement with the failure loads 
from the experiment when dry at 26 weeks, with lower predictions of failure load. 
However, a better prediction of the failure load is seen at 52 weeks. It is suspected that 
this is because the calibration of the GTN damage parameters was carried out using a 2D 
model. This can only be confirmed by calibration of the model parameters using a 3D 
model , with the inclusion of moisture dependent parameters for all the GTN damage 
model parameters. 
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Figure 9-21. Predicted ultimate fai lure load of the CFRP/AIIFM73 DLJ using the GTN damage 
model at 20°C for (a) 20 and (b) 3D FEA models. 
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9.3 Summary 
Failure predictions in lap joints have been carried out using a path independent bilinear 
cohesive zone model and a coupled damage model (Gurson-Tvergaard-Needleman), with 
moisture dependent parameters and the inclusion of residual stresses. Thermal and hygro-
thermal residual stress and moisture distribution history were included using the pre-state 
feature in MSC.Marc. Both models are capable of predicting the sudden crack growth and 
propagation seen experimentally. 
The predicted failure loads usmg the cohesive zone model agree well with the 
corresponding experimental failure data when dry and in the early stages of exposure to 
the 50°C/95%RH conditioning environment. However, the predictions are slightly 
different from the experimental failure loads at longer exposure times, when the joints are 
fully wet. Both 2D and 3D models show good agreement when the joints are dry, with the 
crack initiation and propagation of damage clearly visible. In all cases, damage initiation 
occurred near the fillet area, and propagated to the inner areas of the overlap area near the 
interface regions of the adhesive thickness. This implementation of the cohesive zone 
model is limited by the ability of the interface elements used, thereby creating mesh 
dependency, especially near the fillet areas. 
The GTN damage model was also able to predict damage initiation and propagation, but 
was difficult to implement, owing to difficulties in determining the numerous damage 
model parameters. This model is however able to predict the effects of residual stress on 
failure loads and the predictions agree reasonably with the experimental data when dry or 
wet, although it is clear that fine tuning of the damage model is required, with regards to 
3D modelling and moisture dependent parameters. 
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CHAPTER 10 
10 Discussion 
10.1 Thermal residual stress 
The investigation of thermal residual stresses in epoxy-metal bimaterial strips using 
continuum mechanics, 2D and 3D FEA models was able to characterize the basic 
requirement for the accurate modelling of thermal residual stresses. A bimaterial strip 
configuration was chosen as the measurement of curvature in the strips easily 
provides experimental validation of the modelling methods. Comparisons of the 
curvature of the strips and stresses through the thickness of the strip indicated that the 
plane stress and continuum mechanics methods were good at predicting the curvature 
and stresses in a bimaterial strip with a high length-to-width ratio but are poor at 
predicting the curvature of a strip with a low length-to-width ratio, while the plane 
strain and generalised plane strain models do a better job of predicting the curvature 
of a thicker and shorter specimen. This was relevant to the lap joints used in this study 
as the length-to-width ratio of the overlap area is very low, meaning that only the 
plane strain and generalised plane strain approximations are appropriate for modelling 
thermal stresses using 2D FEA. However, none of the 2D approximations can fully 
capture the 3D stress state over the whole of the strip, especially the three-
dimensional edge effects seen. Comparisons of FEA predictions with experimental 
results showed that the experimental curvature can only be accurately predicted with 
the inclusion of temperature dependent material properties and geometric non-
linearity as linear models do not capture the true bending of the bimaterial strips. 
The analysis of thermal residual stresses in the single and double lap joints with 2D 
and 3D FEA models, using the methods developed from the bimaterial strip analysis 
show that the levels of thermal residual stress in the CFRP/AIIFM73 double lap joint 
are significantly higher than the levels of longitudinal, transverse and shear stresses 
present in the single lap joints, owing to the presence of three dissimilar materials 
with different thermo-mechanical properties. Areas of high stress concentration near 
the free ends of the adhesive are also predicted. The 2D model predictions also show 
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that the plane strain (PE) model is unsuitable for modelling thennal stresses, as it 
predicts unusually high stresses in the transverse direction (azz) , because of the 
constraint imposed by the plane strain assumption. The most appropriate 2D 
approximation at the centre of the joint is predicted by the generalised plane strain 
(GPE) model for all the joints considered, although this is still not wholly appropriate 
for the 3D stress state. 
10.2 Diffusion and hygroscopic stresses 
The experimentally detennined diffusion profiles for the FM73 adhesive and CFRP 
substrates in hot/wet environments gave a good fit to Fickian diffusion, which was 
implemented in FEA using a heat transfer analogy. 2D and 3D FEA model predictions 
were compared to detennine the most appropriate FEA model for diffusion studies, 
while accounting for the effects of different diffusion coefficients and saturated 
moisture contents of the adhesive and CFRP substrates in the CFRPIFM73 SLJ and 
CFRP/AIIFM73 DLJ. However, interfacial diffusion has been neglected in the joints 
with metal adherends, because of its dependence on the effectiveness of the surface 
treatment applied to the metal adherends and studies to characterise interfacial 
diffusion in bonded joints is ongoing. Comparison of the diffusion profiles from 2D 
and 3D models shows that although the 2D models were capable of reasonable 
predictions in the middle of the joints, they were deficient in predicting the moisture 
content and concentration in the whole of the joint during the transient stage. This is 
because moisture diffusion is fully three dimensional and the effects of swelling due 
to moisture absorptions during the transient stage can only be studied adequately 
using 3D FEA models. 
The effect of swelling due to moisture absorption was investigated using coupled 3D 
FEA, and the transient and residual hygroscopic stresses that develop in the bonded 
joints as a function of time in the hot/wet environments were predicted. The models 
accounted for hygroscopic swelling and changes in the mechanical properties of the 
joint constituents from moisture absorption. The predictions indicate that the 
hygroscopic stresses induced in the joints are significant, although noticeably 
different behaviour is seen in the case of absorbing and non-absorbing substrates. This 
is largely because of the anisotropic hygroscopic expansion of the moisture absorbing 
295 
Chapter 10: Discussion 
CFRP substrates. The hygroscopic stresses generated in the transient state for the 
hot/wet environments considered are significant enough to promote the possibility of 
creep, stress enhanced degradation and failure initiation, although it must be noted 
that the hygroscopic stresses predicted in the joints are very complex, making the 
results non-intuitive and difficult to validate by any other means. Confident prediction 
of hygroscopic stresses using the modelling procedures developed can only be 
possible when these procedures are independently tested and validated by other 
means. 
10.3 Validation of mechanical stresses and residual strains 
Non-destructive testing (NDT) measurements of internal strains by neutron diffraction 
were able to characterise the residual strains caused by the combined effects of 
thermal and curing stresses in adhesive double lap joints. However, in joints with 
similar adherends, these stresses are small. FEA predictions of the strains produce low 
values and the neutron diffraction experiments confirmed this. However, in a joint 
with dissimilar adherends such as the CFRP/AI double lap joint, the predicted and 
measured strains showed close agreement in their spatial distribution and magnitude. 
Within the accuracy limits of measurements using neutron diffraction, the 
experimental work has confirmed the FEA predictions and shown that significant 
strains exist in a CFRPI Al DLJ before the application of any load. It is therefore 
important that these strains are considered in any prediction of in-service joint 
behaviour. 
Good agreement was seen between the strains predicted in mechanically-loaded 
CFRPI AI, aluminium and steel double lap joints using FEA and those measured using 
LMMI. The strain fields from the LMMI experiments showed some asymmetrical 
component and this was investigated in the FEA models by introducing asymmetry to 
the sample geometry and the applied boundary conditions. These affected the 
predicted strain fields and partially improved the comparison of the predicted and 
measured strains, but nevertheless some discrepancy between the LMMI and the FEA 
results remained. Strain measurements with HMMI were able to indicate the areas of 
strain concentration in both the aluminium and CFRP/AI double lap joints. However, 
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there is some difference with the predicted strains. This could be because of flaws in 
the experimental samples or errors in the sensitivity of the HMMI setup. 
However, it is clear that FEA is a useful tool and accurate predictions of stresses and 
strains in the adherends and adhesive layer of bonded lap joints can be made. Many of 
the simplifications made in the mechanical analysis of bonded joints are justified as 
including them results in relatively small differences compared with sample to sample 
variation and the safety factors used in designing bonded joints. 
10.4 Hygro-thermo-mechanical stresses 
2D and 3D FEA predictions showed that moisture absorption can cause a reduction in 
the curvature and maximum deflection of a bimaterial laminate in a hot/wet 
environment. This also results in a reduction of the bending stresses present, of which 
there is evidence in the literature. The 2D FEA model was deficient to the 3D model 
in estimating the deflection and stresses present. 
Hygro-thermo-mechanical analysis of bonded joints was examined based on a 
framework developed to mirror the complex stages involved. The hygro-thermo-
mechanical stresses arising from exposing single and double lap joints with thermal 
residual stresses to a hot/wet environment were assessed using 3D FEA, with all the 
assumptions previously used for examining thermal, hygroscopic and mechanical 
stresses in bonded joints. For the aluminium single lap joint, exposure to hot/wet 
environments caused a reduction in the stresses present in the adhesive, as the 
swelling from absorption of moisture in the joints counteracted the stresses from 
thermal contractions. However, for the CFRP single lap joint, the stresses increased in 
the CFRP adherend. The three dimensional nature of the thermal and hygroscopic 
stresses present in the adhesive and adherends were also shown using cutting plane 
contour plots. In the single lap joints, the nature of the stress reductions in the 
adhesive is such that the application of a 5 kN load is unable to raise the stresses 
predicted to the levels seen when the joint was dry at room temperature. 
For the CFRP/AIIFM73 double lap joint, exposure to a hot/wet environment initially 
caused a reduction in the stresses when dry, but as moisture was absorbed by the joint, 
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some stress components increased greatly, whilst others were reduced, mainly 
because of the differential swelling of the entire joint. Subsequently, the equivalent 
stress state in the adhesive layer was much higher than when dry and is fully three-
dimensional with a level significant enough to promote the possibility of other effects 
such as creep or failure initiation. However, in the present study, the effects of creep 
during ageing have been neglected because of a lack of reliable creep properties of the 
adhesive in the accelerated ageing conditions. 
10.5 Damage and failure predictions 
Failure predictions in the bonded joints were accomplished with cohesive zone and 
continuum damage models. Failure predictions from a path-independent cohesive 
zone model with moisture dependent parameters agreed well with the experimental 
failure data when dry and in the early stages of conditioning. However, the 
predictions were lower than the experimental failure loads at longer exposure times, 
when the joints were fully wet. The cohesive zone model was capable of predicting 
the sudden crack growth and propagation seen experimentally. In all cases, damage 
initiation occurred near the fillet area, and propagated to the inner areas of the overlap 
area near the interface regions of the adhesive thickness. This implementation of the 
cohesive zone model was limited by the ability of the interface elements used, thereby 
creating mesh dependency, especially near the fillet areas. 
The Gurson-Tvergaard-Needleman (GTN) coupled damage model was used to predict 
progressive failure with the thermal, hygro-thermal residual stress and moisture 
distribution history incorporated in the model. The GTN damage model was also able 
to predict damage initiation and propagation, but was difficult to implement, owing to 
difficulties in determining the numerous damage model parameters. This model was 
however, able to predict the effects of residual stress on failure loads and the 
predictions agree reasonably with the experimental data when dry or wet, although it 
is clear that fine tuning of the damage model is required, with regards to 3D 
modelling and moisture dependent parameters. 
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Chapter 11 
11 Conclusions and Future Work. 
The work carried out has resulted in an improved understanding of the thermal and 
hygro-thermal residual stresses in bonded joints, with the objectives in section 1.3 
realized with experimental and modelling work. The conclusions from the research 
and suggestions for future work are presented in this chapter. 
11.1 Conclusions 
Material property characterisation studies and quasi-static joints tests were necessary 
requirements in the assessment of residual stresses and environmental degradation in 
bonded joints. A vast amount of testing was carried out in partnership with other 
researchers in order to generate the material property requirement for accurate 
prediction of residual stresses. The joint tests were used to validate the failure 
predictions from the modelling work. 
Exposure of bonded joints to accelerated ageing conditions resulted in degradation of 
joint strength in all the bonded joints considered. This confirmed the evidence in the 
literature that exposure of bonded joints to hot/wet conditions is detrimental to joint 
strength. 
FEA modelling methods for thermal residual stress was validated using 2D and 3D 
FEA models to predict the curvature of experimental bimaterial laminates. These 
methods were then used to predict the thermal residual stresses in single and double 
lap joints. Further validation of the thermal residual stresses predicted in double lap 
joints was made with results of strain measurement from neutron diffraction. 
Moisture diffusion in bonded joints were reasonably predicted using FEA methods, in 
three environments; 50°C/95%RH, 70°C/80%RH and 50°C/water immersion. Fickian 
diffusion parameters of FM73 and IM7/8552 unidirectional CFRP obtained from 
gravimetric tests were used in predicting moisture uptake, hygroscopic and hygro-
thermal stresses in bonded joint. The saturated moisture content of the joints, based on 
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the results from gravimetric tests of the joint constituents, agreed well with the FEA 
predictions. Hygroscopic stresses, arising from swelling in the adhesive and CFRP 
adherends were predicted using coupled stress-diffusion models. 
A framework was developed to mirror the complex stages involved in a hygro-
thermo-mechanical analysis. Hygro-thermo-mechanical stresses arising from 
exposure of single and double lap joints with thermal residual stresses in hot/wet 
environments were assessed using 3D FEA. The swelling from moisture absorption 
counteracts the stresses from thermal contractions in the adhesive layer of the single 
lap joint. For the double lap joint, exposure to a hot/wet environment initially reduces 
the thermal stress when dry, but moisture absorption reduces some stress components 
and increases others, mainly because of the differential swelling of the entire joint. 
The levels of stress seen in the adhesive and CFRP adherends were significant. A 
modified framework including the effect of creep in hot/wet environments was 
developed. However, it was not implemented because of a lack of reliable transient 
creep properties of FM73 in hot/wet environments. 
Internal strains measured by neutron diffraction were able to validate the FEA 
predictions of thermal residual stress and stresses from mechanical loading. Thermal 
residual strain predictions in metal joints (steel and aluminium double lap joints), with 
similar adherends are low. This was confirmed by the neutron diffraction 
experiments. However, predicted and measured thermal residual strains in the 
CFRP/AIIFM73 double lap joint are significant, with the measured strains showing 
good agreement with the FEA predictions. 
Surface strains measured by moire interferometry in mechanically load double lap 
joints showed good agreement with the FEA results. The low magnification moire 
interferometry strain maps showed some asymmetrical components which were 
partially predicted by the introduction of asymmetrical boundary conditions. 
Nevertheless, some discrepancy between the LMMI and FEA results remained. The 
FEA predictions of areas with high strains concentrations in the aluminium DLJ and 
CFRP/AIIFM73 DLJ were confirmed with high magnification moire interferometry, 
although there is some difference with the measured strains. 
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The moisture dependent cohesive fracture energy of FM73 was calibrated using a path 
independent cohesive zone model, together with moisture dependent mechanical 
properties. Reasonable predictions of the progressive damage and failure response of 
the single and double lap joints were obtained using 2D and 3D FEA models. The 
effect of residual stress was neglected in the CZM analyses. 
A GTN damage model was used to predict the effects of residual stress on failure 
loads, damage initiation and propagation. However, it was difficult to implement, 
owing to difficulties in determining the numerous damage parameters. The damage 
model was calibrated using the dry AIIFM73 single lap joint and the failure load 
predictions agree reasonably with the experimental data when dry or wet. 
11.2 Future work 
Based on the durability framework in chapter 1 and the modified hygro-thermo-
mechanical analysis framework, it is clear that more experimental work is required to 
determine creep parameters of FM73 in hot/wet environments. The incorporation of 
creep parameters in hot/wet conditions into the FE models should give more realistic 
models. Other considerations include interfacial and stress dependent diffusion 
parameters, which should give a less conservative prediction of moisture uptake in 
joints with metal adherends. 
Independent testing and validation of hygro-thermo-mechanical stress predictions is 
required, especially in the CFRP/AIIFM73 double lap joint, in order to gain 
confidence in the modelling technique and results. 
Development of special "degradation" finite elements libraries for 2D and 3D FEA, 
which have all the input parameters necessary for modelling degradation, will 
eliminate the need for different types ofFEA analyses to investigate degradation. 
Failure predictions with the CZM may be calibrated in future with enhanced cohesive 
zone elements and fine tuning of the GTN model in 3D FEA is needed, with regards 
to moisture dependent parameters and extensive characterisation of the mechanical 
properties of the adhesive in shear, tension and compression. 
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The effects of fluctuating environments that mimic the real service life of bonded 
joints on degradation and durability are necessary to characterise the problem of 
environmental fatigue. The issue of temporary and permanent damage caused by 
moisture, different solvents, high temperature gradients combined with different types 
of mechanical loading, have to be solved and suitable predictive models developed. 
This will enable representative service life predictions of degradation and durability 
of bonded joints. 
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